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I. INTRODUCTION 
Literature Review 
The modern investigation of hypothermia can be said 
to date from the work of Temple Fay and G. w. Smith 
carrie~ o~~ du~ing 1938-~0 (41, 95). They cooled patients 
with inoperable carcinoma, in the hope that the lowered 
te~1per~ture wo~ld a~~ect the malign~nt growth more_ than 
the r~st of the body. Unfortunately, this hope was not 
.. - .. .~\ 
realized, but it did serve to stimulate interest in hypo-
thermia as a clinical procedure. During the Second World 
Wa~, hypothermia became important as a complication of sur-
vival at sea. Shipwreck survivors and downed aviators 
. -
rescu~d after pro1onged immersion in icy waters frequently 
died because of their lowered body temperature. Much work 
on the effects of body cooling was thus stimulated with 
the emphasis on physiological studies rather than on its 
clinical use. Afte.r the war, almost simultaneously in 
the late forties, A. H. Hegnauer initiated a systematic 
inves~ig~tion of th~ ~hysiolog¥ of hypothermia in the dog, 
~nd w. G. Bigelo~ began working on the possibility of 
using hypothermia in surg~r!• Since 1950, the growing 
list of publications attests to the manner in which the 
~ubj~ct has.advanced, particularly ~s the surgical ad-
vantages have become apparen~. Thus, in the past decade, 
hypothermia has been extensively investigated as a means 
1. 
o~ reducing oxygen requirements o~ the body s~~iciently 
to allow exclusion o~ the heart from the circulation and 
so permit intracardiac surgery under direct vision. In 
. . 
another important group o~ patients whose poor physical 
condition precfudes radical surgery of an~ type hypothermia 
has been utilized so that these individuals would be 
better able to withstand the shock of reduced circulation 
and even peripher~l vascUlar embarrassme~~ for Short 
periods of time. In short, therefore, the clinical useful-
ness of hypothermia lies in it~ ability to reduce metabo-
lism significantly and to produce a "'physiologic hypoten-
... 
sion." As such, the use of this modality suggests itself 
as a potential1y valuable technique not only in a variety 
of clinical conditions but as an investigative tool for 
the elucidation of normal bodily functions. 
It is surprising that little of the physiology of 
co1d and of hypothermia is known. The term hypothemia is 
usually restricted to describing the state of the homeo-
thermic animal with a sub-normal body temperature. 
Accordingly, hypothermia may be of varying degree as wit-
nessed by the current use of sueh terms as "profound," 
- -
"prolonged," ttdeep11 and ttmoderate" hypothermia with their 
M 
implied differences. As the term is employed in the 
following work it refers to the reduction of the body 
temperature.(more specifically the heart temperature) 
2. 
through the range from 37°C. down to a mean temperature of 
20°c. 
One of the inevitable consequences of inducing hypo-
thermia in mammals is the increased irritability or 
I 
electrical instability displayed by the myocardium culmina-
ting in the terminal event, ventricular fibrillation. 
T.his phenomenon has presented an extremely vexing problem 
to those utilizing hypothermia clinically and a most 
intriguing one to experimental cardiac physiologists. 
Free et al. (83) and Hoff & Stansfield·(59) were among the 
first to report cases of ventricular fibrillation induced 
by cold, confirmation being soon provided by a host of 
investigators including Hegnauer et al. (49, 51, 52) and 
' 
Bigelow et al.(ll}. The postulate that the hypothermic 
~ 
myocardium becomes increasingly more irritable and unstable 
is not based .solely on the spontaneous appearance of eo-
topics and fibrillation at low temperatures, for there are 
several additional factors which combine to make this a 
tenable and acceptable theory. T.h~s, Hegnauer et ~· (51) 
demonstrated that the presence of indwelling cardiac 
catheters was not tolerated by the hypothermic heart and 
precipitated multiple extrasystoles and eventual fibrilla-
tion. This indicated that the myocardium when exposed to 
' 
cold became increasingly responsive to mechanical stimuli 
such as was afforded by the catheters. In addition, many 
experimental studies, Hegnauer and Angelakos (48), Covino 
and Hegnauer (29)~ Anlyan et !!• (7) as well as clinical 
experience, have shown that the hypothermic ventricle is 
extremely sensitive to surgical procedures (incision~ ex-
ploring ·or suturing) and under their influence prone to 
-develop ectopic and arrhythmic activity. Moreover1 there 
is available evidence that the high degree or organization 
which characterizes the orderly sequence or electrical 
events resulting in cardiac' excitation is seriously 
compromised at low temperatures. Thus, Brooks (13) has 
-
reported that the hypothermic heart is extremely dirricult 
to drive artiricially at low temperatures~ the dirriculty 
increasing as the heart becomes colder. Hegnauer and· 
Angelakos (47) demonstrated as a result or driving the 
heart at excessive rates ror the purpose or producing 
ventricular ribrillation~ that at 26° the rate needed was 
approximately half that required at normal temperature. 
Covino and Beavers (23) and Hegnauer and Angelakos (47) 
> -demonstrated the abil~ty or stimuli of long duration to 
elicit fibrillation in the hypothermic heart when unable 
to do so in the normothermic animal. 
These results all point to a condition of excessive 
irritability or electrophysiological instability induced 
by cold ~d reflected in a tendency of the·myocardium to 
succumb to complete and chaotic activity either spontaneous-
ly or as a result of external factors to which it is 
normally impervious. Because of the practical as well as 
academic aspects of this phenomenon it has attracted a 
great deal of experimental interest both from clinicians 
and physiologists. The huge volume of literature that has 
accumulated in the past decade on this subject offers 
testimony to the amount of interest displayed. From this 
work has arisen an array of facts and fancies, many con-
flicting, which have implicated several different factors 
as predisposing to this condition of increase.d irritability, 
if not outrightly responsible. 
Among the first and probably most attractive possi-
bilities was that,of myocardial anoxia as suggested by 
., 
Prec et !!• (83), Hegnauer et al. (52) and Lange/ Weiner 
. . 
and Gold (68}. More recent studies by Penrod (82) and 
Hegnauer and D'Amato (50) have shown that the hyp~.thermic 
heart is extracting as much oxygen from the reduced 
coronary flow as it is capable of using. Likewise, Edwards 
(36) demonstrated that while the coronary blood flow and 
oxygen consumption were diminished in the heart expose~ 
to cold there was no discrepancy between myocardial oxygen 
supply and demand. However, the hypothesis has recently 
been revived under different circumstances by Gollan <44) 
who has induced deep hypothermia {0°c.) in dogs by means 
of total body perfusion with a pump oxygenator. It is 
. 
his contention that rewarming and survival in these ani-
mals results solely from the maintenance of an adequate 
oxygen supply to the heart all other factors being 
5. 
secondary. 
Despite these findings~ the consensus among investi-
gators is that an oxygen deficiency is not a threat to the 
hypothermic heart and thus the presence of myocardial 
anoxia in hypothermia is not likely (21). 
T.he excessive release and subsequent flooding of the 
heart by endogenous epinephrine has been postulated by 
Cookson ~ al. {20) and Berne (10) to be another cause of 
. 
the increased c~rdiac irritability observed in hypothermia. 
Sh~er et al. (94) reported success in the prevention 
of hypothermic ventricular fibrillation by means of sino-
atrial blockade with procaine and by either cardiac sympa-
thectomy or sympathetic ganglion blockade caused by 
Arfonad. In sharp contrast~ however~ Covino et al. (25) 
found no protective value in adrenergic blockade and more 
recently Kuhn and Turner (67) reported that nor-adrenaline 
treated dogs were able to tolerate lower body temperatures 
than non-treated animals. Moreover, the latter authors 
found that administration of the sympatholytic agent 
Dibenzyline acted deleteriously in that V~~. occurred at 
higher body temperatures than in untreated dogs. 
Equally controversial, and far more complicated, have 
been the attempts to relate ionic exchanges and inbalances 
in the hypothermic heart to the initiation of arrhythmias. 
Several investigators, Fieming (42) and McMillan et ~· 
' ' (74), found small changes in serum potassium consisting of 
6. 
both increases and decreases, whereas others, Bigelow ~ 
!!• (ll) and Swan ~ al. {192) found relatively large 
changes in the serum potassium concentrations, both in-
creases and decreases. All investigators have observed 
a rise in serum calcium, although the magnitude of the 
increase has not been consistent. 
Recently Covino and Hegnauer (28) studied the coronary 
. 
A-V electrolyte difference in normal and hypothermic dogs 
and suggested that ventricular fibrillation at low tempera-
tures is related to an increase in calcium and a loss of 
potassium and hydrogen by the myocardium. This concept 
of a lowered myocardial potassium being primarily involved 
in cardiac electrophysiological abnormalities in hypo-
thermia was further elaborated by Covino in a subsequent 
paper with Beavers (24). In this publication, Covino and 
Beavers reported that the administration of potassium 
salts constituted a valuable prophylactic measure while 
lowering the serum calcium with ED~ was not found to be 
beneficial. 
Angelakos ~ al. (4) reported that the hypothermic 
. 
dog exhibited a susceptibility to ventricular ~ibrillat~on 
induced by CaCl2 infusion that was several fol~ greater· 
than in normothermic animals. In addition,_ they were able 
to show that administration of the calcium chelating agent 
ED~ markedly lowered the terminal temperature.of hypo-
thermic dogs. Their results suggested that cold increased 
the sensitivity of the dog myocardium to calcium induced 
ventricular fibrillation and that the consistent appearance 
of this phenomenon as a result of cold may be related to 
changes in the intracellular Ca concentration. In view 
of the well-known relationship between the calcium ion and 
the action of the cardiac glycosides (96) it would be 
supposed that the hypothermic heart would be more sensi-
tive to the action of ouabain. However, these expecta-
tions are not realized as evidenced by the findings of 
Angelakos ~ al. (6). Actually, the susceptibility of the 
heart to ouabain induced arrhythmias was decreased with 
hypothermia. This would indicate that ascribing the 
electrical instability to a simple alteration of the calci-
~ gradient represents at the very least a gross over-
~mpli~ication. 
The situation with regard to ionic balances and cardi-
ac irritability in cold has been further clouded by the 
findings of Spurr et !l• (97). These authors maintained 
animals at 25°c for a two-ho~r period before undertaking 
an analysis of ventricular tissue for sodium, potassium 
chloride and water content. Contrary to expectations, 
there was a significant reduction in the myocardial sodium 
and a significant rise in potassium. 
T.he factor currently receiving the most attention in 
terms of involvement in cardiac instability observed in 
hypothermia is the H+ concentration. It is considered 
8. 
that as body temperature falls and cold narcosis sets in, 
the circulating C02 level is increased resulting in a 
corresponding decrease in the blood pH. This low pH is 
assumed {29) to cause a marked increase in ventricular 
excitability and in this manner the fibrillation process 
is initiated. Supporting evidence for this hypothesis has 
been supplied by the work of Swan et al. {102), Osborn 
(80), and Covino and Hegnauer (29) who have demonstrated 
-
the efficacy of hyperventilation in preventing the 
occurrence of ventricular fibrillation in hypotherndc 
dogs. 
Reviewing the various findings, however, one receives 
the impression that although C02 retention and concomitant 
pH changes very definitely accentuate myocardial insta-
bility, it is not the causative factor. Angelakos et ~· 
(4) have shown very clearly that the hypothermia-induced 
. 
sensitivity to calcium is not pH dependent. Covino and 
Hegnauer (29) have shown that control of pH is not suf-
> • 
ficient to protect hypothermic dogs against the added in-
sult of surgical trauma. Moreover, Covino and Beavers (23) 
have shown that hyperventilation with subsequent pH con-
trol was ineffective in checking the sharp reduction in 
the V.F. threshold in hypothermia. 
Much~ then, is known concerning the existence of 
factors which may predispose to cardiac arrhythmias, al-
' \ 
though evidence is conflicting on many points~ but the 
existence of a single immediate cause of the ventricles 
ceasing to beat as an integrated whole (if it exists) has 
~et to be determined in hypothermia. On the basis of the 
above findings, one is tempted to dismiss the available 
~vidence as representing secondary or indirect factors in 
tbe increased myocardial irritability which is so overtly 
displayed by the hypothermic heart. It is entirely possi-
ble that the explanation of the cold-induced cardiac con-
dition lies primarily in the alterations which occur in 
the various parameters governing the electrophysiological 
status of the heart. 
The heart is composed of potentially autonomic units 
which are dominated by a pacemaker. ~is pacemaker 
initiates an excitatory process which drives the other 
units at a rate faster than they could establish in-
trinsically. TWo different phenomena are involved in the 
establishment of the normal sequence of electrophysiologi-
cal events which characterize cardiac activity. These 
are first the intrinsic excitatory process in pacemake~s 
and second the excitation of other portions of cardiac 
'tissue by the propagation of the rhythmical activity be-
gun at the pacemaker. This second phenomenon comprises 
the functional role of several e2ectrophysiological 
parameters, namely conduction, refractoriness, and excita-
bility. The presence of an increasing electrical insta-
bility in cold is not surprising when one considers the 
10. 
possibilities for disorganization which are available in 
the mammalian heart. It is apparent that with different 
fiber types (some of which are capable of pacemaker activi-
ty) involving different rates of conduction, repolariza-
tion, recovery of excitability, as well as duration of 
excitatory states, along with multiple pathways for each 
impulse to traverse; normal synchronized activity is possi-
ble only as the result of an almost perfect adjustment of 
all parameters of excitation and propagation. 
Any factor that affects one or more of the above 
characteristics to a different degree could easily be con-
ceived of as disrupting the normal pattern of activity and 
ultimately throwing the heart into a non-reversible state 
of chaos. A case in point is represented by the finding 
reported by Mendez and Mendez (76) concerning the arrhyth-
mic action of high doses of digitalis compounds on the 
normothermic dog ventricle. The cardiac glycosides used 
were found not to influence ventricular conduction or 
excitability but did shorten the ventricular refractory 
period while depressing conduction through the specialized 
fiber system. In this connection, Angelakos ~ al. (6) 
. "-. ... 
demonstrated that such toxic doses of ouabain were well 
tolerated by the hypothermic heart suggesting a paradoxi-
cal antiarrhythmic influence of cold in the presence of 
the cardiac glycosides. A clue to this behavior may lie 
in the fact that as stated, digitalis shortens the 
11. 
ventricular refractory period; in contrast, hypothermia 
normally lengthens it, and this discrepancy may serve as 
the basis of the antagonism. 
Thus, one could suppose with some justification that 
low body temperature may affect to a different extent such 
electrophysiological properties as refractoriness, con-
duction, excitability and the processes of depolarization 
and repolarization and that when the disproportionate 
changes reach a critical degree the stage is set for the 
triggering of arrhythmic activity either spontaneously or 
as induced by some extraneous factor. This would be 
certainly true if as suggested by some {16) there are 
normal differences in temperature existing throughout 
the heart which are exaggerated in hypothermia resulting 
in the formation of marked temperature gradients among 
different regions. 
The present experimental study was performed with 
the following objective in mind:. 
To attempt a quantitative evaluation of the nature 
and magnitude of change provoked by hypothermia in the 
fundamental cardiac parameters of rhythmicity, conduction, 
refractoriness, and excitability as well as the processes 
of depolarization and repolarization with a view to de-
termining if possible the electrophysiological basis for 
the increased susceptibility to cardiac arrhythmias. 
12. 
II. METHODS 
Apparently, healthy mongrel dogs of both sexes and 
of indeterminate age ranging in weight from 8 to 15.5 
kilograms were used in all of the series performed in 
this experimental study. Anesthesia in all cases was ac-
complished by intraperitoneal injection of pentob~rbital 
supplemented as needed during coo1ing by intravenous 
administration. 
The following procedures were consistently carried 
out in all cases prior to the induction of hypothermia:. 
insertion of an endotracheal tube and an esophageal 
thermocouple, and placement of standard limb leads with 
subcutaneous needle electrodes for recording the electro-
cardiogram. The left external jugular was uniformly 
cannulated to permit the injection of the anesthetic, the 
right jugular was exposed only on those occasions in which 
a catheter was to be inserted. The right co~on carotid 
artery was also routinely exposed and cannulated for the 
manometric determination of mean b1ood pressure. Eso-
phageal temperature was determined by means of the thermo-
couple inserted to the level of the atria .and was then 
displayed continuously on a ~allow Springs Telethermometer. 
Hypothermia was induced by immersion of the animal in 
either an iced bath or in a tank of refrigerated water 
· maintained at a temperature o:f 0 to 5°c. The animal board 
to which the dogs were tied in a supine position, was tilted 
in the bath at an angle of approximately 30° to the hori-
zontal and the head was further elevated by means of a 
head rest. The unimmersed portion consisted of the ventral 
third of the thorax, most of the neck and the head. Re-
warming when it was attempted, was carried out by immer-
sion in a warm water bath of 42-45°c. As the temperature 
fell to 26°c., artificial respiration was instituted by 
means of a Harvard Apparatus positive pressure instrument. 
In those animals in which atrial driving was carried 
out, a No. 8 catheter with the electrode at the tip was 
passed via the right jugular vein into the rignt'atrium. 
In ·those animals in which electrical testing and driving 
of the ventricle was performed, the following procedure 
was employed. Under artificial respiration, left thora-
cotomy was performed at the level of the fourth intercostal 
space and a bipolar electrode or in some cases a unipolar 
electrode was attached to the left ventricular epicardial 
surface overlying an area free of major coronary vessels. 
In general, the electrode employed consisted of a plastic 
disc 2 em. in diameter containing 2 Ag-AgCl electrodes 
approximately 0.5 em. long and 2 mm. wide with an inter-
electrode distance of .5 em. The plastic disc was 
attached to the myocardium by four stitches of nylon 
suture. In certain sections where specially designed 
electrodes were used, they were attached as described 
above (the specific experimental section should be consulted 
for the appropriate details. Subsequently, the chest was 
closed, the pneumothorax was reduced and the ani~als were 
allowed to breathe spontaneously for 20 to 30 minutes 
before any measurements were made. A large silver plate 
electrode was placed subcutaneously in the precordial area 
to serve as an indifferent site for unipolar stimulation. 
The stimulation apparatus consisted for the most part 
of two Grass square wave stimulators connected in parallel. 
One of the stimulators deliver~d the dri~ing pulses and 
was synchronized with the second stimulator which delivered 
the testing pulses. An adjustable delay on the s~cond 
stimulator determined the time interval between the driving 
and the testing pulses. Thus, the strength and the dura-
tion of the driving and testing pulse could be varied 
independently. A specially constructed switch was inter-
posed in the synchronizing circuit between the driving and 
testing stimulators. When this switch was closed, a single 
pulse from the synchronizer of the driving stimulator 
fired the testing stimulatorr thereafter, the circuit re-
mained open until the switch was manually reset. Thus, 
single testing stimuli could be delivered at will during 
any part of the cardiac cycle. Both driving and testing 
square wave pulses were of 1 msec. duration. Since Grass 
stimulators are so cons-tructed that the cathode is at 
ground potential, the only ground connection to the dog 
was through the cathode via a 100 ohm resistor. T.he volt-
age drop across the resistor, was determined on one channel 
of a dual beam oscilloscope. On the other Channel, the 
electrocardiogram was continuously monitored. Use of the 
dual beam permitted simultaneous detection of ectopic 
activity (signifying attainment of threshold) and direct 
. 
determination of the stimulus intensity. A Sanborn 
Visocardiette or in some cases a Twin-Viso recorder was 
also employed as a monitor and permitted measurement of the 
cycle length. In the strength-duration studies by deter-
mining the cycle from the record~d electrocardiogram it 
was possible by adjusting the delay circuit of the testing 
stimulator to insure stimulation outside the total refracto-
ry period during late diastole. As the cycle length in-
creased with cooling, it exceeded the limits of the delay 
circuit (1 second) and necessitated the placing of a 
10 MFD capacitor in the circuit, thus extending the delay 
range to 10 seconds. In a very few of the experiments, an 
American Electronics Laboratory stimulator was connected 
to one of the Grass stimulators and used to produce testing 
pulses of high amperage; the overall system and gross 
circuitry remained the same. Also, in a number of studies, 
driving and testing pulses were supplied by a Tektronix 
stimulating system. This consisted of a Tektronix 162 
wave form generator which supplied the driving square wave 
pulses and 2 161 pulse wave generators connected in series. 
16. 
One pulse wave generator acted as a slave unit. synchronized 
with the master unit and providing the adjustable delay 
circuit as well as a triggering switch which, when acti-
vated manually, fired the second 161 unit with the result-
ant application of a testing pulse during the selected 
portion of the cardiac cycle. The pulse output of the 
testing unit could be varied with respect to its voltage 
and duration. 
~r supplying a wave form with a variable rate of rise 
and amplitude, recourse was made to the external sawtooth 
output of a Tektronix 551 dual beam oscilloscope. To 
operate the oscilloscope as a threshold testing unit, it 
was ne·c·essary to employ as well two of the Tektronix units 
described above. The wave form generator acted as a master 
unit and deliver~d driving pulses, in addition it triggered 
the pulse wave generator containing the adjustable delay. 
T.his unit, in turn, upon activation of its output switch 
by manual control would fire and trigger in consequence 
.the sweep circuit of the oscilloscope with the resultant 
discharge of a sawtooth testing pulse. T.he normal ampli-
tude of this sawtooth output was constant at 150 volts. 
Attenuation was accomplished by connecting the output ta 
the terminals of a 100 K.ohm ten turn potentiometer which 
was mounted on a panel adjacent to the oscilloscope. The 
rise time duration was adjusted by appropriate set~ings of 
the sweep rate knob and monitored on another oscilloscope. 
Because of this rather cumbersome but necessary arrangement, 
the sawtooth durations were limited by the provisions of 
the sweep rate dial settings and it was not possible to 
obtain certain desirable duration values. 
In all experiments, the driving and testing stimuli 
(when testing was performed) were delivered to the myocardi-
um via the same bipolar or, as in most cases, unipolar 
electrodes. Thus, it was not necessary to crush or other-
wise inactivate the sino-atrial node. When utilizing uni-
polar stimulation altering the stimulus polarity was ac-
complished by the procedure of switching connections at the 
level of the dog an~ not at the stimulator level. 
All procedures and techniques which are specific for 
a certain experimental section are described under methods 
in the appropriate experiments. 
18. 
III. EXPERIMENTAL WORK 
Section A. Cardiac Rhythmicity 
1. Introduction 
It is generally conceded that cold has a direct 
depressant action on the rhythmicity of mammalian heart 
tissue. There are many reports in the literature attesting 
to this fact, including measurements of hear't rate in both 
heart-lung preparations {66, 8) and in intact animals 
{61, 52, 19, 40, 98) as well as descriptions of changes in 
the characteristics of pacemaker fibers (75, 22) all under 
the influence of low temperatures. 
However, this agreement among investigators does not 
extend to the question of the nature of the relationship 
of heart rate to temperature. Thus, Farrand {40) and Spurr 
(98) report an exponential relationship while others {8, 61, 
~· 
52, 19) have demonstrated an essentially linear rel~tion­
ship at least in the temperature range of 38 to 20°c. 
Recently, Riberi et !!• (86, 87) demonstrated that 
. . 
selective blockade of the SA node of the dog by procaine 
infiltration protected against the occurrence of hypothermic 
ventricular fibrillation. These authors explained their 
results on the basis that following such i~ections the 
cardiac rhythm was more stable and the heart appeared less 
irritable. It appeared from their results that perhaps the 
. 
tendency of the hypothermic heart to fibrillate could be 
related to an irregular depressant effect of progressive 
cooling on the cardiac pacemaker. Therefore~ it could 
easily be conceived that with the lowering of the tempera-
ture there might no longer exist an orderly and regular 
discharge from the SA node region or perhaps no longer an 
orderly process of atrio-ventricular conduction. As a 
result of either or both these hypothesized conditions, 
the ventricle would be the recipient of excitation waves at 
odd intervals. Some of these impulses would arrive at the 
f 
ventricles during the vulnerable portion of the refractory 
period and precipitate ectopic activity and ultimately 
fibrillation. 
Prompted by these considerations, it was decided to 
investigate the effects of cold on cardiac rhythmicity with 
a view to determining whether: 
a. The depressant effect of cold on heart rate is 
linear or non-linear. 
b. Subjecting the heart cycles at various tempera-
tures to a measure of variance would reveal whether excita-
tion becomes more random with cooling. 
c. The use of artificial pacemakers would lower the 
incidence of VF by insuring a constant rhythm for ventricu-
lar excitation. 
20. 
2. Methods 
a. Analysis of spontaneous rate 
Lead II electrocardiograms were obtained at 
2°0. intervals during the cooling period utilizing a Sanborn 
TWin Viso recorder. The instrument was operated at a speed 
of 50 mm/sec which provided sufficient resolution to 
measure cardiac cycles to the nearest 10 msec. At each 
specified temperature the mean value for five cycles was 
determined and a statistical analysis performed to esti-
mate the variance among individual cycles. Blood pressure 
and esophageal temperature were monitored continuously as 
described previously. 
b. Artificially controlled heart rate 
Two groups of five dogs each were subjected 
to atrial and ventricular driving throughout the period 
of cooling. In group I, the unipolar driving electrode was 
in the tip of a catheter which was passed into the right 
atrial"chamber via the external jugular vein. Correct 
placement was assured when a monitoring oscilloscope dis-
played an atrial driving complex; i.e., a constant prolonged 
interval between the stimulus artifact and the upright QRS 
complex. T.he large silver indifferent electrode was 
sutured under the skin in the precordial area. 
In the experimental group II, the bipolar driving 
. -
electrode was sutured to the pericardium overlying the le~t 
ventricle. A Grass model S4C stimulator was used to 
21. 
deliver the driving stimuli to both preparations.· The 
rectangular pulses were one msec. in duration and of suf-
ficient voltage and frequency to control the rhythm. 
Lead II was recorded on a Sanborn Visocardiette and 
monitored by a DumQnt dual beam oscilloscope. Carotid 
blood pressure and esophageal temperature were likewise 
continuously monitored. 
22. 
3. Results 
a. Analysis of spontaneous rate 
/0 
A group of eight control animals with natural 
pacemakers was allowed to cool spontaneously from 37°0. to 
a mean temperature of 21°0. A plot of mean heart rate vs. 
esophageal temperature (figure 1), reveals that the de-
cline in rhythmicity is essentially a linear one. In all 
animals the pacemaker site remained in the sino-atrial 
node and, although random ventricular ectopics did occur, 
these cycles were not included in the analysis. T.he mean 
lethal temperature for these control animals was 19°0. and 
they exhibited an 80% incidence of ventricular fibrilla-
tion (table I). 
Although there was no electrocardiographic evidence 
presumptive of shift in the pacemaker site or disruption of 
the pattern of discharge, the cardiac cycles were subjected 
e ~ tma·l-t 
to an aaa~~~ of variance. The object of this test was 
to determine whether the variation between cardiac cycles 
became greater at lower temperatures. Such increased 
variation would reflect an increased irregularity of 
ventricular excitation. When the mean variance was deter-
mined for each temperature, no significant trend could be 
ascertained, as the values fluctuated widely within animals 
and between animals. Table II illustrates the random 
changes in cycle variance which occurred in five typical 
dogs during hypothermia. 
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TABLE I 
MODE OF TERMINUS AND TERMINAL TEMPERATURE 
FOR CONTROL ANIMALS 
Dog Number Terminal Temperature 
2758 19° 
2914 22.5° 
2733 16.5° 
2734 18° 
2730 18.5° 
1671 17-4° 
1654 18.3° 
2732 15.0° 
2743 23.0° 
2731 22.0° 
Mean terminal temperature 
Ventricular Fibrillation 
Asystole 
Mode of Terminus 
v.F. 
v.F. 
v.F. 
v.F. 
v.F. 
·Asystole 
v.F. 
Asystole 
v.F. 
v.F. 
b. Effect of artificially controlled heart rate 
In these two groups of experimental animals 
it was assumed that continuous driving via the right atri-
um precluded the possibility of S-A nodal irregularities, 
while the continuous ventricUlar driving would eliminate 
the possibility ~f A-V conduction irregularities. The 
frequency of driving was gradually decreased as cooling 
progressed in order to maintain blood pressure levels 
comparable to those observed in the control group of dogs 
(figure 2). The slopes of heart rate vs. temperature under 
the influence of the artificial pacemakers was a linear 
function similar to the controls but possessing steeper 
slopes (figure 31· As table III demonstrates, such arti-
ficial maintenance of heart rate during cooling did not 
offer any degree of protection against ventricular fibril-
lation. 
All dogs subjected to driving succumbed to ventricu-
lar fibrillation;: those with an atrial pacemaker at a mean 
lethal temperature of 21.3°c., the group with a ventricu-
lar pacemaker at a temperature .of 20.3°0. In the former 
group, no isolated ectopic activity was observed or re-
corded prior to v.F.; in the latter, three out of five 
dogs exhibited ectopics of both ventricular and supra-
ventricular origin prior to eventual fibrillation. 
26. 
Temp. 
oc. 
37±1 
35±1 
33!1 
31±1 
29.!1 
27!1 
26:!:.1 
25!1 
24.!J. 
23!l 
TABLE II 
VARIANCE AMONG CARDIAC CYCLES IN 
. MSEC. UNDER HYPOTHERMIA 
Experiment No. 
2732 2733 2759 2773 
7-5 1-5 17.5 5 
1.5 1-5 17.5 5 
7-5 1·5 42.5 5 
O; 30.0 31.5 8.75 
20.0 32 • .5 17.5 5 
5 1·5 70.0 17.5 
1.5 1·5 42.5 5 
12.5 17.2.5 70.0 5 
17.5 6.3 12.5 1·5 
6.3 8.5 
2903 
7.5 
1.5 
20.0 
12.5 
25.0 
57.6 
17.5 
150.0 
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TABLE III 
MODE OF TERMINUS AND TERMINAL TEMPERATURE IN 
ANIMALS WITH ARTIFICIALLY CONTROLLED RATE 
Atrial Pacemaker 
Dog Number Terminal Temperature °C. Mode of Terminus 
1738 
1747 
1750 
1755 
1760 
20.0 
17.5 
24.5 
23.5 
20.6. 
Mean terminal temperature : 21.2°0. 
Ventricular Pacemaker 
Dog Number Terminal Temperature oc. 
1769 22..0' 
1774 18.0 
1777 16.7 
1779 26.0 
1781 19.0 
Mean terminal temperature -
-
v.F. 
v.F. 
v.F. 
v.F. 
v.F. 
Mode of Terminus 
v.F. 
v.F. 
v.F. 
v.F. 
v.F. 
30r 
4· Discussion 
The results presented substantiate the prevalent 
view in the literature that an apparent straight line re-
lationship exists between the rate of cardiac activity and 
the body temperature over the range of 38° to 21°C. The 
variance determination performed on the control heart 
cycles did not demonstrate any discernible trend in the 
estimated variance during the period ot hypothermic induc-
tion. The population examined~ however~ proved to be too 
small and the number of determinations possible at the 
lower temperature levels was severely limited. In order 
to conclusively eliminate the possibility of an increasing-
ly sporadic heart rate in hypothermia as a facto~ in the 
initiation of v.F., the analysis would have to be conducted 
on an extended series of animals. 
The depressant action of cold on cardiac rhythmicity 
is a direct one and not mediated via nervous or humoral 
factors as is borne out by studies on isolated prepara-
tions. Thus, Badeer (8) and Covino a;td Resendes {30) 
utilizing the dog heart~ lung~ and the isolated rabbit 
eJ 
heart preparation respectively~ present graphic data illus-
trating this linear relationship. Moreover~ Coraboeuf and 
Weidmann (22) with dog Purkinje fibers showed that the rate 
-
of rise of phase 4 of the action potential (diastolic 
depolarization) was a direct function of the temperature. 
It is to be noted that 80% of the control dogs 
31. 
succumQed to v.F. and the mean lethal temperature was ~9.0°c. 
This is in essential agreement with the findings of 
Angelakos (2) who reported the median lethal temperature 
in dogs to be 20.1°C. In none of these control dogs was 
there a shift in the pacemaker site, a sino-atrial rhythm 
existed prior to the intervention of asystole or v.F. in 
all cases. The occurrence of isolated ventricular ectopics 
was slight and appeared to have no direct relationship to 
the onset of v.F. 
Electronically driving of the atrium or ventricle in 
two groups of dogs did not result in a lowering of the 
mean lethal temperature. In these animals, an attempt was 
made to drive these hearts at as fast a rate as was com-
patible with an adequate blood pressure. However, as 
cooling progressed and the diastolic filling time became 
proportionately less, the limiting factor of adequate blood 
pressure assumed increasing prominence. The plots of 
driving rates vs. temperature display a steeper slope than 
those for spontaneous rate, indicating that at higher 
temperatures maintaining the heart rate considerably above 
control level still permits an adequate blood pressure. At 
lower temperatures, however, the heart rate frequency range 
is severely limited and cannot exceed the control value 
without seriously embarrassing the blood pressure. Berne 
(9, 10) has also noted this inability to accelerate hypo-
. 
thermic hearts much above the control levels without 
32.--
seriously embarrassing the blood pressure and coronary flow. 
Isolated ectopic activity was observed in three of 
the five dogs subjected to ventricular driving while none 
occurred in the atrial preparation. However, this extra-
systolic activity is not necessarily due to the escape of 
atrial impulses across the A-V system, since idio-ventricu-
lar activity has also been observed in hypothermic dog 
hearts with surgically produced bundle block (3). It was 
obvious that such control of the heart rate did not afford 
the protective action suggested by the results of Riberi 
et al. (86, 87). In apparent contrast, however, Brown, 
in a review of the cardiovascular effects of hypothermia 
(18), mentions that Stephens et al. (99), employing arti-
-ficial pacemakers, maintained heart action in dogs cooled 
to 12°C. This, however, is misleading since only one of 
seven animals so treated survived, not to 12°C. but to 
14·7°0. The remainder all succumb~d to V.F. at higher but 
unstated temperatures. In all seven animals, the driving 
was initiated only after asystole had occurred at the rela-
tively high mean temperature of 21.4°c. 
33. 
5. Summary and Conclusions 
1. The depressant effect of low temperature on 
the heart rate is linear over the temperature range of 
37-21°0. 
2. A variance tabulation did not demonstrate any 
tendency of the variation in cardiac cycle length to in-
crease as cooling progressed. However, the possibility 
was not completely eliminated. 
3. Subjecting the animals to artificial cardiac 
pacemakin&both via the atrium and via the ventricle, did 
not lower the percentage of fibrillating animals below the 
control level nor did it lower the mean lethal temperature. 
It can be concluded from the data presented that what-
ever the factors which precipitate v.F. in the hypothermic 
state, they do not have as a basis the arrhythmic discharge 
of impulses from the S-A node, nor sporadic impairment of 
A-V conduction. 
34· 
Section B. Cardiac Excitability and Accommodation 
1. Introduction 
Following the classical demonstration by Wiggers 
and Wegria (110) of a vulnerable period to fibrillation 
occurring during a certain phase of the cardiac excitabili-
ty cycle~ there has existed much speculation regarding a 
possible relationship between susceptibility to v.F. and 
measurable changes in the excitability cycle. T.hus 1 it has 
become an attractive possibility in the minds of some 
investigators to hypothesize that the increase in spontaneous 
cardiac activity induced by hypothermia must be a reflection 
of increased excitability. Covino and Charleson (26) state 
. 
that, "Most authors agree that at body temperatures of 
25°C. or lower certain changes occur either within the 
cardiac musculature itself or in its immediate environs 
which lead to increased excitability and a lowered threshold 
for ectopic activity and ultimately V.F." The discovery 
by several workers that the application of mechanical 
stress to the hypothermic heart predisposes to V.F. appears 
to offer substantiation to such a point of view. Hegnauer 
et al. (51) demonstrated that the presence of permanently 
indwelling catheters appreciably increased the incidence of 
v.F. in hypothermic dogs. Swan et al. (102), Covino and 
' . 
Hegnau~r {29) 1 and Anylan ~ !!• (7) showed that the hypo-
. . 
thermic heart displayed a marked intolerance to surgical 
insult exhibiting a high incidence of extrasystolic activity 
and ventricular fibrillation. These findings could be 
. 
interpreted as indicating that the threshold to mechanical 
stimuli undergoes a considerable decrease as the tempera-
ture is lowered. Presumably, direct experimental support 
for the concept of increased cardiac excitability was pro-
vided by the work of Covino and Charleson (26). These 
authors measured diastolic thresholds during hypothermia 
and reported on the basis of changes detected they could 
determine the ultimate fate of an individual dog. That is 
to say, a slight drop followed by a return to normo-
thermic levels of excitability was a characteristic of dogs 
eventually terminating in asystole. The other animals 
demonstrated a steady decline in threshold and the majority 
of these animals succumbed to v.F. On the basis of these 
observations, the obvious conclusion w0uld appear to be 
that at low body temperature the tendency to fibrillate 
can be correlated with an increased excitability. In 
contrast, however, Angelakos et al. (5) reported that dias-
tolic threshold values showed a tendency to increa.~e at 
temperatures below 25°c. Moreover, Covino, in a subsequent 
publication {23), states that the ventricular diastolic 
' 
threshold remains quite constant between 38° and 22°C. 
although his tabulated values indicate a slight increase. 
It remains controversial, therefore, as to the precise 
nature of the changes in diastolic excitability produced 
by low temperatures and equally obscure, of course, is the 
36. 
possible relationship of these changes to fibrillation 
" 
susceptibility. The purpose of the present investigation 
is to evaluate in a quantitative manner the effect of 
cooling on cardiac diastolic excitability utilizing both 
instantaneously and slowly rising wave forms of varying 
durations. Since it has been shown by others (105) that 
. 
during the systolic phase of the cardiac cycle, thresholds 
to cathodal and anodal stimuli vary independently; square 
wave threshold determinations were obtained with both anodal 
and cathodal pulses. 
37. 
2. Methods 
Mongrel dogs were prepared for the stimulation 
studies as described vreviously, with a unipolar electrode 
sutured to the left ventricular myocardium and a large 
indifferent electrode placed subcutaneously on the precordi-
um.. 
The stimulating system was varied. In some of the 
. 
experiments, two Grass stimulators connected in tandem were 
used while in others, the three unit Tektronix stimulating 
system was employed to provide square waves. The linearly 
rising currents were delivered to the preparation via the 
sawtooth output of the ,Tektronix type 551 oscilloscope 
triggered on demand by a Tektronix wave form generator. 
Conventional procedures were employed in the induction 
of hypothermia; some animals were cooled continuously, 
others were removed from the water and following a short 
period to allow for stabilization of the body temperature, 
the appropriate measurements were carried out. Blood 
pressure, esophageal temperature, and lead II electrocardio-
gram were continuously monitored during the course of the 
experiments. 
38. 
3· Results 
a. Diastolic Thresholds to Unipolar Excitation 
Unipolar strength-duration (s-d) curves were 
obtained on a group of dogs at 37°0. (prior to immersion) 
and while stabilized·at 3e~c. (£ollowing immersion). The 
durations of the stimuli ranged f.rom .1 to 50 msec. with. 
little significant difference evident among the thresholds 
to 10, 20 and 50 msec. pulses (figure 4). Consequently, 
the current of excitation for the 10 msec. pulse may be 
considered as rheobase. Inspection of the curves reveals 
them to be twpical in their contour, with those for anodal 
excitation consistently displaced above those for cathodal 
stimulation. 
In order to facilitate evaluation of changes produced 
in the curves by cooling, a means of expressing them as 
linear functions was sought. It became apparent that such 
was achieved when the strength-duration relationship was 
expressed mathematically by the empirical formula:· 
Where: 
I = (b)J:+R 
t 
I equals threshold current 
-b equals slope of the straight line 
t equals duration of the stimulus 
R equals intercept and therefore the rheobase 
(since I equals R when t equals infinity) • 
39· 
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DIASTOLIC STRENGTH DURATION CURVES 
,!_ -----;:;:;;::=::;--1 
!37 ± ,.c 1 
Plaure 4 
• 
Figure 5 illustrates the abov~ transformation in which 
comparison is made of cathodal and anodal s-d lines at both 
temperatures. It is to be noted that there is a rise in 
the thresholds at the lower temperatures. This increase 
is not equal for all durations, the response to shorter' 
stimuli being most affected~ while the rheobase is changed 
but little.. This differential effect results in the slope 
of the 29° line being greater than that for 37° with both 
polarities. Inspection of figure 5 also reveals that 
cathodal and anodal thresholds are not affected equally by 
the cold. Instead, the increase in the slopes ~ greater 
. 
for the anodal s-d lines indicating that not only is 
cathodal stimulation more effective than anodal but that 
f !. •• 
the discrepancy becomes greater with short pulses and less 
with longer pulses upon cooling. Measurements were also 
made on a second series of dogs at several temperatures. 
The'se animals were subjected to continuous cooling and 
cardiac thresholds were determined at four temperature 
ranges: 37°0. (before cooling), 29°0., 23°0. and 19°0. 
Because the determinations had to be completed rapidly, 
stimuli were restricted to durations of .1, .5, 1.0, and 
10 msec. (rheobase). Again, the progressive increase in 
the slopes was apparent (£igure 6) with the anodal thresh-
olds demonstrating the greatest change. The dotted line at 
19°0. represents only a rough approximation, for unfortu-
nately, only one of five dogs survived to this point, the 
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others having fibrillated or become unresponsive. Since, 
according to strict definition, threshold represents the 
minimal amount of energy needed to elicit a response, the 
calculated energy requirements (microcoulombs) for excita-
tion at each stimulus interval are compared in table IV. 
~ Consideration of ~hese results permist the making of 
three important generalizations. 
First~ The thresholds for long duration test shocks 
are very much lower than for stimuli of brief duration. 
If, however, the total current flow (energy) required to 
excite the heart at any one interval is calculated, the 
shorter pulses are found to be more effective in terms of 
microcoulomb requirements. 
Second: With cooling and consequent steepening of the 
s-d lines, the effectiveness of the shorter pulses diminishes 
to a greater extent than that of the longer pulses. 
Third: Although both anodal and cathodal excitation 
ar~ affected in a qualitatively similar manner at low tempera-
tures, quantitatively the differential effect noted above 
is more marked with anodal pulses. 
b. Time Constants of Excitation 
In an effort to evaluate the effect of cold 
on the various time constants involved in the process of 
excitation, another series of measurements were performed. 
In this ·experimental group of animals, diastolic thresholds 
were compared for rectangular and linearly rising (sawtooth) 
45. 
TABLE IV 
MICROCOULOMBIC REQUIREMENTS FOR UNIPOLAR 
' 
EXCITATION IN HYPOTHERMIA 
Cathodal 
Stimulus Duration Temperature 0 - c. 
msec. 37 29 23 19 
.1 .59 1.1 1.1 1.7 
.5 ~8o 1.4 1.4 2.0 
1.0 1.03 1.6 1.5 2.2 
10.0 4·4 4-4 4·3 5.5 
Anodal 
Stimulus Duration Temperature - oc. 
.msec. 37 29 23 19 
.1 1.1 1.8 2.0 2.3 
.5 1.8 2.9 3-1 3.1 
1.0 2.3 3.2 3·4 5·7 
10.0 9.0 10.5 10.0 13.4 
pulses of the same duration at three different temperature 
levels. The durations used were::.: .• 1, .2, .4, 1.0, 4 •. 0, 
and 10 msec.; the values were obtained at 37°C. (prior to 
immersion) and whi_le the dogs were stabilized at 30°C. and 
26°c. Attempts to obtain data below this temperature were 
uniformly frustrated by the intervention of intrac~able V.F. 
Expressed in the conventional manner, the data for 
both modes of excitation produced characteristic curves 
(figure 7). In form, the curves were practically superim-
posable, although the sawtooth curves were consistently dis-
placed above and to the right at all temperature levels. 
Using the simple empirical formula employed previously, the 
threshold values were expressed as straight lines (figure 8). 
The good fit obtained with seven points provided a measure 
of assurance that the original s-d lines constructe~ with 
only four points did not represent a spurious relationship. 
The equal applicability of the formula to the sawtooth 
thresholds afforded a means of comparing the degree of 
change produced by cold. Examination of these straight 
line plots illustrated even more vividly the close-ident~ty 
of the s-d relationships obtained with the different wave 
forms. At 37°C. the sawtooth line displayed_a steeper 
slope than was exhibited with the square ~ave. With the 
induction of hypothermia, the slopes for both forms of 
stimuli became progressively larger, the sawtooth pulses 
demonstrating the quantitatively greater change. In 
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absolute terms, the sawtooth excitation cupves appear to 
be affected to a greater extent by the decr~ase in tempera-
ture. This, however, may be misleading. Comparison of 
cold induced changes in slope o~ ~he basis of percentage 
increase show absolutely no difference as both undergo a 
l 0 75% increase down to 26 c. It is interesting to note also 
that the superiority of square waves over sawtooth pulses 
in terms of lower thresholds at each duration, demonstrates 
a peculiar pattern which is maintained during hypothermia • 
As shown in table V where the threshold ratios are listed, 
J 
the values are invariably less a~ both the long and short 
durations while being greater for the intervening points. 
When simple differences in threshold are considered (table 
V), it is apparent that while the rheobases are quite simi-
lar there is a progressive differe~ce in the comparative 
thresholds as the stimulus durations become-less. More-
over, this tendency appears to be accentuated at the lower 
temperatures~ 
Classical theories .of excitability predict that with 
slowly rising pulses such as the sawtooth, the increase in 
rise time ~urati?~ will be accompanied by an increase in 
threshold. Reference to 1t:il.J?l.:e·. $ l:?hows ;tha1t?~hil3:::.. ~:1ls 
obviously is not the c~se in the present experiments. 
Figure 9 demonstrates this departure from established con-
. . 
cepts even more dramatically, where rate of current rise , 
-is plotted against threshold. It can readily. b~ seen that 
TABLE V 
COMPARISON OF THRESHOLDS TO SAWTOOTH (Is) AND 
SQ,UARE WAVE (Ir) STIMULI IN HYPOTHERMIA 
. Threshold Ratios Is - Ir 
Duration Temperature - c.o 
msec. 37 30 
.1 1.40 1.26 
.2 1.78 1.54 
·4 1.64 l..50 
1.0 1.56 1.39 
2.0 1.60 1.33 
4.0 1.30 1.28 
10.0 1.35 1."16 
_Threshold Differences Is - Ir (msec.) 
Duration Temperature 
- ·C. 0 
msec. 37 30 
.1 1.4 1.3 
.2 1.2 1.3 
·4 .68 .75 
1.0 
·35 .33 
2.0 .25 .19 
4-0 .11 .12 
10.0 l11 .06 
50. 
26 
1.43 
1.67 
1.55 
1.28 
1.49 
1.38 
1.21 
26 
2.6 
~.o 
1.0 
.27 
.29 
.16 
.o8 
the fastest rates of rise are associated.with the highest 
threshold. It has also been axiomatic to consider the 
instantaneously rising square waves to be the most efficient 
form of excitation. When the energy needed to excite is 
comp~red for each ty~e of pulse wave at each duration~ it 
is evident that the sawtooth stimuli possess a marked 
superiority in that regard {table VI}. In the normothermic 
animal~ the total current flow required to reach threshold 
is considerably greater with square waves. At 30°c., the 
discrepancy has become even greater, but the transition 
from 30° to 26° appears to affect predominantly the re-
sponses to the sawtooth stimuli. This relationship of 
total current flow to thecduration of the stimulus can also 
be represented as a-linear function (figure 10). Inspec-
tion of this figure reveals the greater slope for square 
wave excitation compared to sawtooth stimulation as well as 
the effect of hypothermia which is primarily an upward dis-
placement of the lines with insignificant changes in slopes. 
With<the excitation formula: I= ~+R, it is possible 
to show with square wave stimulation that chronaxie is 
actually a function of slope and rheobase. Thus, chronaxie 
is defined as the stimulus duration tc when the threshold 
current Ic = 2R. By substituting this value of I in the 
above expression, it can be readily shown that tc = ~· 
The chronaxie values obtained in this manner showed a 
progressive increase as the temperature was lowered 
51. 
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TABLE VI 
COMPARATIVE QUANTITIES OF ENERGY {MICROCOULOMBS) TO 
EXCITE WITH SQUARE WAVE AND SAWTOOTH STIMULI· 
AT VARIOUS TEMPERATURES 
Temp. Square Waves Sawtooth Waves 
~c. Duration (msec.) (I X t) I (2 X t) 
37!:1 .1 .36 .2.5 
.2 
·34 .29 
·4 -43 ·35 
1.0 .62 
-48 
2.0 .84 .67 
4.0 1e4· .94 
10.0 3.1 2.1 
30:f:1 .1 
·49 .31 
.2 
·47 .36 
·4 .60 -4.5 
1•0 .85 .59 
2.0 1.14 .76 
4.0 1.72 1.10 
10.0 3.70 2.1.5 
26:t1 .1 .61 
·43 
.2 .60 .so 
·4 ·73 -57 
1.0 .98 .63 
2.0 1.2 .90 
4-0 1.6 1.1 
10.0 3.8 2.3 
53. 
-(Table VII), exhibiting at 26° an increase over the control 
value of approximately 14%• 
A modified form of the equations proposed by Hill 
I (55), Rashevsky (85), and Blair (12) was employed to de-
termine the excitation time constant for square wave excita-
tion at each temperature. Both Hill and Rashevsky de-
scribed excitation and accommodation with an essentially 
similar formula comprising a double exponential expression 
with two time constants. From this fundamental expression, 
with the aid of certain necessary assumptions, the wor~ing 
equation: 
where 
-kt 
= c1 e was ob.tained (see theoretical con-
siderations) ; 
E 1 = index of excitability 
intercept of the linear re-
lationship 
k ~ time constant for excitation 
~ = duration of the stimulus 
According to this equation, plotting the log ratio of ex-
citability (E') against the duration (t) produces a 
.. * ,.. l'' 
straight line, the slope of which provides an estimate of 
(k) (figure 11). As illustrated in table VII, (k) de-
cr~ased from the control value of .518 to .439 at~26°c., 
representing approximately a 15% decrease over this tempera-
ture range. In the same table are listed chronaxies de-
termined according to the empirical formulation of 
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TABLE VII 
COMPARISON OF CHANGES INDUCED BY HYPOTHERMIA 
IN EXCITABILITY TIME CONSTANTS 
0 '1 .1. Temp. - c. k(msec.) k (msec.) 
37 .518 1.93 
30 .467 2.14 
26 
-439 2.27 
* obtained from s-d lines 
** calculated: t 0 = ln. 2 I< 
to * {msec.) to 
1.33 
1.48 
1.52 
S6. 
**' (m.sec.) 
1.34 
1.48 
1.57 
Lapioque {70, 71) that a relationship exists between (k) and 
. 
chronaxie, in that tc = ln 2 • It is quite evident that 
k 
there is extremely good agreement between the chronaxie 
values determined by two different means.· As might be ex-
pected, ~nd as implied previously, there exists a fairly 
constant relationship between t 0 and {k) for they both 
exhibit changes of the same order of magnitude under the 
influence of hypothermia 
c. Theoretical Considerations 
The shape of the strength-duration curve is 
approximately that of a rectangular hyperbola and the law 
is thus approximately that strength times duration equals 
a constant. If this were so, the criterion for excitation 
. 
would be the displacement of sufficient electrical charge 
aor0ss the membrane. Nernst (77) argued that the effect 
of passing a current through a tissue would be to cause 
an accumulation of ions in the region of the electrodes; 
this effect would be enhanced if there were membranes only 
partially permeable to such ions in the path of the current. 
Such an accumulation would take time, and if a certain 
critical displacement of charge on the membrane was neces-
sary for excitation, appli~ation of a very short current 
would fail to excite. Nernst showed that on the basis of 
this assumption, the product of I x Jt should be a con-
stant. Over a limited range, this was substantiated experi-
mentally, but such a simple expression failed to predict 
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the existence of the rheobase~ which should theoretically 
be infinitesimally small. Nernst therefore introduced the 
concept of "accomnodation" by which the tissue adapted 
~ 
itself to the passage of the current in such a way that the 
threshold was raised during current flow. It has been 
known for decades (73) that a slowly rising current fails 
to excite a nerve fibre even when its intensity rises well 
above the rheobase. This phenomenon appears to be related 
to the accommodative fall in the membrane potential just 
mentioned. When the rate of current increase is greater 
than a certain critical value, a full-sized ~ction poten-
tial results; when the applied potential rises more slowly 
than the critical rate, the membrane potential begins to 
fall while the current is still rising. Once such an ac-
commodative change has taken place in the membrane. potential, 
the stimulating current can rise well above the ordinary 
threshold level without initiating a response. In most 
. 
classical theories of excitation, the process of accommoda-
tion has been regarded as a gradual rise in the experi-
mentally observed. threshold determined during the period of 
prolonged d. c. ·stimulation. Recent direct observations 
{103) indicate that this is not exactly the case. Accommo-
dation is actually due to a secondary change in the proper-
ty of the membrane which diminishes the ability of the 
current to lower the resting membrane potential. 
In recent years, Nernst•s relatively simple concept 
59. 
of ionic diffusion has experienced considerable refinement 
and elaboration·in the hands of several investigators, 
notably Hodgkin and Huxley (56). But, there still seems 
little doubt that at least two distinct processes are in-
volved in the stimulation of an excitable tissue. One is 
the build-up of a condition leading to excitation (propa-
gation of an unstable state of reversed membrane potential), 
the other is a change in the condition of the tissue itself 
in such a way as to make it less responsive to the excita-
tory stimulus applied, i.e., accommodation. Accommodation 
can thus be estimated in terms of rate of rise in threshold 
while the excitatory condition runs parallel with the rise 
of local potential. 
An attempt to correlate the experimental facts of stimu-
lation with the predictions of theory has been achieved to 
some extent by dropping all attempts at a physical explana-
tion of the underlying phenomena. Thus, it is· possible 
without knowing the intimate physico-chemical nature of 
" . 
the mechanism involved, to deal with the change in local 
potential and threShold abstractly, on the basis of the 
experimentally observed behavior of these variables. Hill 
(55), Rashevsky (85}, and Blair (12), among others, have 
. 
presented theoretical analyses of the behavior of nerve and 
muscle in response to electrical excitation in precisely 
this way. According to Offner (78), these physicomathemati-
-
cal theories, although developed from somewhat differing 
60. 
assumptions with respect to the accommodation process, are 
essentially identical. It is merely postulated that the 
passage of a current through a nerve results in the de-
velopment of an electrotonic potential at the cathode. This 
local potential rises exponentially from its resting level 
of (V0 ~~to its peak (V} d~ring the interval {t). In re-
. -
sponse to this electrotonic potential, a counteracting po-
tential is generated by the membrane likewise developing in 
an exponential fashion from (J0 ) to (J) during (t}. T.he 
. 
effectiveness of a stimulus in attaining threshold is thus 
determined by the relative predominance of {dV) over (dJ). 
dt. ~ 
By making certain assumptions about the rate of growth and 
decay of both the local potential and the accommodative 
process, a simple equation describing the strength-duration 
curve was formulated. The equation i~ general embodies 
two time constants, one represented by the symbol (k} indi-
cating the rate of rise of the local potential and the 
other (m) designating the rate of onset of·accommodation • 
. 
A current on this basis is said to excite when the local 
potential succeeds in reaching the critical threshold po-
tential despite the opposing influence of the accommodation 
process. The accommodative changes are known to take ·place 
much more slowly than the change in local potential; conse-
quently, by choosing the conditions of stimulation suitably, 
it is possible to isolate this factor and estimate the 
magnitude of (m). Similarly, by using currents of short 
durations during which the accommodative factor barely 
enters, the excitation constant (k) may be isolated and 
· shown to be simply related to the chronaxie. In general, 
then, the essentially simj.lar theories of Rashevsky (85), 
Hill (55), and ·Blair (12) provide equations which describe 
. 
many of the details of electrical stimulation of nerve and 
muscle. The concept of local potential has not been strict-. 
ly defined and the fundamental equations contain four 
arbitrary constants, so ~~at a failure of the equations to 
fit the experimental results might be more surprising than 
the actual fit. The theory does, however, attempt to co-
ordinate a number of the facts of electrical stimulation 
and allow them to be assessed in terms of the appropriate 
rate constants. 
Derivation of Excitation Formulas 
Rashevsky (85) proposed that two factors are involved 
in the process of stimulation, one excitatory, and one 
inhibitory. These are considered to develop during the 
application of a cathodal current· according to: 
Excitatory: ~~ : KI - k(V-V0 ) (A) 
Inhibitory: dJ -dt - MI - m(J-Jo) (B) 
62. 
For a suddenly established current: 
(A I} 
Excitation is considered to occur when V~JJ that isJ 
threshold is reached. 
~olving for I: (with cathoaal excitatiqn, I = Ic) 
Jo - Vo 
Ic = --------------------- (1} 
K {1-e-kt) -~ (1-e-mt} 
k m 
This is the fundamental formula that Rashevsky proposes 
for cathodal excitation. This formula can be simplified 
by making the following substitutions: 
1} 
2) 
3) 
4> 
~=A 
m 
Substituting: 
(2) 
63. 
Transposing and inverting:· 
Jo·~ Vo :q(A (1-e-kt)- A (1-e-mt) C4) 
c 
Simplifying: 
Setting: 
Jo - Vo - 1 1 -~-__;;. - - and - - E 
A E I c 
0 c 
Therefore: 
E i- : eC,.( 1-e -kt) 
0 
(5). 
{6) 
(k) and (m) represent the time constants for the de-
ve&opment of the excitatory and inhibitory processes 
respectively. For excitation to occur, the following must 
obtain:: 
m k and! K k 
therefore from (1) and (2) 
e£ > 1.0 
Expanding equation {6) and dividing through by ( -1) 
gives:: 
Ec -~-1 Jje-kt) e-mt 
E0 ~-1) -oC.-1 - ~ -1 !,c -1 (7) 
By definition Ec = Er (Rheobasic excitability) when 
t approaches oo. From (7) when t approaches oo: 
(7a) 
Substituting this into (7) changing signs and re-
arranging provides: 
-l. + 
Likewise:: 
a e-kt 
-1 
Substituting in equation (9):. 
1 e-mt 
-~ -1 
gives: 
E' = Er ~ Ec - c -kt (C ) e-mt 
---- l e - 1 -1 
Ez. 
where:: Ez. = h- (Rheobasic excitability) Ir 
E - 1 
c - Ic 
= KIM 
k m 
( 8) 
(9) 
(10) 
if ~ //~ as proposed thetlq,L)_>l •. O and hence c1_::::::::1.0 
Equation (10) was used to test the experimental. data. 
65. 
With short stimuli in which t approaches o, the ex-
pression cel-l) e-mt becomes negligible and therefore 
ln E1 = ln C1 - kt (11) 
Consequently: 
Log E 1 is plotted against t, the intercept of the 
line is C1 and k is derived from the slope multiplied by 
2.3 (the logarithm conversion factor) • 
. 
It was expected that the straight line would fit only 
. 
the initial points representing small values of t and would 
display a systematic deviation at larger t values. Obtain- J 
' 
ing a value for k from the initial part of the curve, this 
value could then be substituted in equati~n (10) to per-
mit solving for m. 
Thus: 
Plotting ln (Cl e-kt - E') against t should permit the 
estimate of m from the terminal portion of the curve 
(large t values) where the best fit would now be observed. 
The ultimate solution would involve repetition of this pro-
cedure to obtain better and better estimates of k and m. 
However, with the present data, the initial plot pro-
vided a straight line which fitted all points. T.hus, 
according to th~s analysis, accommodation exerted a negli-
gible influence at the stimulus durations employed. 
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Consequently, with the present dataJ it was possible to get 
only an estimate of the excitability constant (k) but the 
magnitude of the accommodation time constant (m) could not 
be ascertained. 
Lapicque (70, 71) in order to provide an estimate of 
excitability which should combine both the intensity and 
duration factors for a given tissue under given conditions 
introduced the chronaxie as a criterion. Thus, if the 
rheobase value is doubled, the intercept of this new arbi-
trary line on the plotted (s-d) curve provides a time value 
which is the chronaxie. This time value represents the 
utilization time for a current double the rheobase. 
According to the mathematical model considered above the 
chronaxie is the half time of the local potentialJ th~t is 
the constant interval during which V - V0 falls. to a. half. 
Since by definition chronaxie = tc when I : 2R. 
Since:: 
When: t = tc 
E' 
= 
2Ei:- Ec 
- cl -kt 
2Ec 
e c 
'Jherefore: 
' 1/2 - c -kt E = - 1 e c 
If as previously C1 ,::::::1.0 
Then ln l/2 = -ktc 
ln l - ln 2 = -ktc since ln l = 0 
ln 2 = ktc t = ln 2 c k 
68. 
4. Discussion 
There app.e~r€J to be no obvious eorrela.tion between 
the arrhythmic activity characteristic o£ the hypothermic 
heart and the observed changes in exci~ability. The experi-
mental data analyzed according to classical excitation 
theories, provided quantitative evidence £or a decreased 
excitability. Thus, the derived excitatory time constant 
(k) o£ Rashevsky (85) .... a:q.d Hill ($} progressively diminishes 
with cooling, indicating a slowing o£ the rate o£ develop-
ment o£ the local excitatory state. Likewise, the chronaxie 
proposed by Lapicque 01) as an index o£ excitability 
demonstrated an increase proportional to the change in (k), 
further proo£ £or a depression o£ cardiac excitability by 
hypothermia. It is to be noted that in recent years the 
. 
chronaxie has su££ered cons·iderable disrepute as a valid 
characterization o£ the excitable state o£ nerve and muscle, 
in particular cardiac muscle. Thus, Wegria and vliggers 
(107) state that due to the peculiar.characteristics o£ 
heart muscle, determination o£ chronaxie as a means o£ 
ventricular excitability is invalid. Others {16) have 
. 
likewise concluded that chronaxie alone is an unreliable 
expression o£ the state o£ cardiac excitability. It is 
£elt, however, that under the present circumstances, the 
objections raised by these authors do not app~y and hence 
the chronaxie changes do represent reliable estimates o£ 
altered cardiac excitability. The experimental conditions 
were kept constant {with the exception of the temperature 
variable) and the values for the chronaxie were calculated 
from the ratio of slope and intercept of straight line. 
Thus, there was no possibility that inconsistencies in the 
fo~m of the strength duration curves would provide errone-
ous values as has been the complaint of some authors {16). 
Fredericq (43) published chronaxie values for normothermic 
heart tissue of several species, the chronaxie for the dog 
heart being two msec. This is somewhat larger than the 
' present value of 1.3 msec., but the accuracy of his 
measurement must be consid~red with some skepticism. This 
is prompted by the fact that Fredericq proposed the bundle 
of His to have a chronaxie three times that of ventricu-
lar tissue and likewise states that vagal stimulation 
diminishes atrial chronaxie. Even in 1928, at the time of 
writing, these latter experimental findings were at vari-
ance with the accepted views. 
In the present work, the derivation and comparison 
of excitation time constants at various temperature levels, 
although providing a measurable· estimate ·of the decreased 
excitability, fails adequately to describe the non-uniformi-
ty of responses, dependent upon the duration and polarity 
of the stimulus. Thus, stimuli of short duration become 
relatively less effective than stimuli of longer durations 
at low. temperatures. Likewise, comparison of cathodal and 
anodal excitation revealed that while cathodal stimuli are 
70 •. 
more effective than anodal at 37°C., the disparity diminishes 
with longer pulses and increases with shorter pulses as the 
heart is cooled. 
Such a differential effect of cold on excitability 
has also been observed with nerve preparations and more 
recently with turtle skeletal muscle. Thus, around the 
turn of the century, Lapicque (69) a~d Waller (106) showed 
. . 
independently that cooled nerve disp1aye~ varying excita-
bility characteristics depending on the duration of the 
stimuli. Shorter currents decreased in effectiveness as 
the nerve was cooled while the currents of longer duration 
increased in effectiveness. Suzdalskaya and Kiro (100} 
analyzed the effect of temperature on the excitability of 
turtle skeletal muscle and found that cooling caused a 30% 
decrease and a 37% increase in excitability to short and 
long stimuli, respectively. 
Katz (64) investigating the influence of cold on 
medullated frog nerve ~ound that this tissue lost its 
abilitw to accommodate quickly to a stimulus. A constant 
current which in normothermia was capable of exciting only 
once could evoke multiple responses at lower temperatures. 
It is tempting to hypothesize that the experimental results 
presented could be interpreted as representing the combined 
ef~ects of a decreased excitability as well as a decreased 
ability to accommodate. Thus, according to this reasoning, 
since the property of accommodation in relation to short 
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pulses is negligible at any temperature, the effect of cold 
is revealed predominantly in a threshold rise. The same 
effect of cold on the threshold to long pulses is apparent-
' ly balanced to some extent by the simultaneously diminished 
ability of the tissue to accommodate. 
The rationale for employing linearly rising pulses of 
variable rates was for the purpose of deriving and com-
paring the time constant for accommodation. This would 
have provided a quantitative demonstration of the hypothesis 
advanced above. Unfortunately, this intention was not 
realized, for contrary to expection, the threshold did not 
follow the changes in the rate of rise of the sawtooth 
stimuli. Instead, the changes in threshold appeared to be 
related to the integral of the sawtooth stimuli rather than 
its slope. Thus, the fastest rising pulses delivering the 
least amount of total change {microculombs) were least 
effective, while the converse was true for the slowest 
rising currents. In essence, then, strength duration 
curves obtained with sawtooth stimuli (over the duration 
range employed) were counterparts of the curves derived 
from the conventional square waves. In this connection, 
it is of interest to note that Knickerbocker and Milnor 
(65), measuring ventricular threshold with trapezoidal 
wave forms, reported that the strength-duration curves ob-
tained had the same contour as those for square waves. 
Moreover, in the present studies, comparisons of the two 
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modes of excitation on the basis of microculombic require-
ment indicated that the sawtooth pulses were much more 
efficient than the square waves, the disparity increasing 
with cooling. Such a divergence from classical ideas is 
indeed startling for it is a ·firmly intrenched concept 
among electrophysiologists that slowly rising pulses are 
less effective than instantaneously rising forms and that 
threshold varies inverse~y with the rate o~ rise. Reconcili-
ation of these findings with conventional view point is 
possible, however~ if the presently undocumented premise 
is accepted that threshold variation to stimuli with vari-
able rates of rise inscribe a hyperbola. Furthermore, it 
could be assumed that the dur.ation range employed described 
the descending phase of this hyperbola, the portion which 
closely approximated the square wave strength-duration 
curve. 
If sawtooth stimuli of much longer duration (greater 
than 50 msec.) were to be utilized (which was not feasible), 
it is possible th~t the rising phase of the hypothetical 
hyperbola could be delineated. Despite the failu~e to 
obtain a quantitative mathematical estimate of accommoda-
tion and the changes therein, there appears little reason 
to doubt that heart fibers do accommodate and that this 
ability is decreased to some extent by l9w temperatures. 
Brooks et al. (14) recently showed that the dog heart· ex-
. 
hibited marked accommodation as determined by· the technique 
of imposing square wave testing pulses on sub-threshold 
conditioning stimuli. Although the degree of accommodation 
was influenced by a variety of factors, it was exhibited 
by both the exposed and non-exposed heart while using either 
small silver electrodes ·or wick electrodes. It is gener-
ally conceded that the existence of anodal or break ex-
citation depends on the degree of accommodation ex-
hibited by the experiment~ tissue-.;.\ That is t_o say, the 
greater the nresistancen ·offer.ed by the membrane to hyper-
polarizing current, the easier it is to reach threshold 
upon breaking the current. The data under discussion 
clearly show that under hypothermia the slope of the 
Anodal excitation lines become larger, as stimulation with 
anodal pulses becomes increasingly more difficult at low 
temperature. 
The expressed contention that the findings reflect a 
concomitant decrease in the excitatory and accommodative 
time constants receives support from the work of Wright 
(113). These authors in their studies on the effects of 
cooling crustacean nerve fibers reported the presence of 
repetitive firing, increased chronaxie, and decreases in 
both excitability and accommodation time constants. 
It is of practical interest to attempt an explanation 
of these alterations in excitability on the basis of 
physico-chemical concepts. In terms of the recent theory 
proposed by Hodgkin and Huxley (.56) for the activity of 
the giant squid axon~ increased accommodation at the cathode 
implies an increased potassium conductance and an increased 
degree o~ sodium inactivat~9n. Thus~ the theory o~ the 
O~ord group characterizes the excitation process in terms 
o~ three continuous events. Up?n application o~ the ex~ 
ternal stimuli 1 the conductance o~ sodium rises rapidly, 
thus providing an ionic current inward across the membrane~ 
I~ the applied stimulus is s~~iciently intense, the sodi~ 
um current is raised to the point o~ establishing regenera-
tive depolarization. I~ response to this influx o~ posi-
tively charged sodium ions tending to lower the resting 
membrane potential, there is initiated by the membrane two 
opposing processes direct.ed toward maintaining the normal 
state of potential equilibrium. One is a sudden decrease 
in membrane permeability to the sodium ion marked by a sharp 
.drop in sodium conductance, also termed the "Sodium Inacti-
~ 
vation Process;" and secondly, an increase in the permea-
~ 
bility o~ the membrane to potassium, signaled by an increase 
in conductance as this positively charged ion flows down 
its concentration gradient. Since these latter processes 
are antagonistic to the initial sodium in~lux, a stimulus 
to be e~~ective must raise the sodium potential to the 
critical level prior to the intervention o~ the secondary 
events of sodium inactivation and potassium e~flux both 
of which would resist depolarization. It would appear that 
. 
these two sec.ondary events representing as they do the 
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active opposition or the cell to excitation, may be con-
sidered the ionic equivalent of the accommodation process. 
At the anode, the cell just as vigorously ofrsets a hyper-
polarizing current which tends to increase the magnitude 
of the resting membrane potential. In their scheme, this 
active resistance takes the form of movement of sodium in-
ward (toward the area of increased negativity, the interior) 
with E£ decrease in sodium conductance and E£ increase in 
potassium conductance. When the anodal current is broken, 
the membrane potential returns to its normal resting level 
with a reduced potassium current and increased sodium 
current inward. The net ionic current is inward and the 
situation resembles that on the make at the cathode; pro-
vided this sodium ionic current is strong enough, depolariza-
tion will occur. 
One thing that is not explained by the authors is 
accommodation to anodal stimulation. ~e existence of the 
process cannot be reasonably disputed since the contour of 
anodal s-d curves is the same as cathodal. Thus, there is 
an anodal rheobase below which currents will not excite 
regardless of duration. Therefore, superimposed upon the 
events described at the anode, there must be factors which 
oppose and which render the long anodal stimuli relatively 
less effective than their shorter counterparts. 
It would appear that with anodal stimulation there is 
first a rise in sodium conductance concomitant with a 
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decrease in potassium conductance. However, with longer 
stimuli and sub-threshold stimuli, there must be postulated 
a decrease in sodium rlow as the membrane succeeds in 
counterbalancing the applied current. In these cases, it 
would therefore be natural to expect that when the current 
is shut off, the net flow or sodium is reduced below 
-. 
excitation level and may be as well opposed by a potassium 
current. Thus, regenerative depolarization could not 
occur. 
According to the proposed theory of accommodation and 
excitation, effects of cold on these membrane events must 
be mediated through ionic alterations or inbalances. In 
this connection, it is of interest to note some reported 
efrects of cold on ionic gradients in various tissues. 
Hodgkin and Keynes (57) found that in the axon of Loligo 
. 
active transport of sodium and potassium was inhibited by 
cold; thus, the normal concentration gradients were dimin-
ished. As interpreted in the light of Hodgkin and Huxley's 
theory, a decrease in the potassium concentration gradient 
would diminish accommodation, while a decrease in the sodi-
um concentration would reduce excitability. It must be 
kept in mind, however, that there is a greater phase 
differentiation in sodium and potassium conductances with 
cardiac tissue than with nerve. Thus, while there is an 
overlap with nerve, in the heart cell there is a lag be-
tween the two represented by the plateau of steady potential 
77. 
stage. Consequently, for the heart it might be more meaning-
ful to consider the accommodation process primarily in the 
light of sodium inactivation. Thus, the effect of cold 
on the membrane which is reflected in a decrease in active 
transport is also manifested by a decrease'd ability on the 
part of the membrane to reduce the sodium conductivity 
below normal. To restate the hypothesis, cold interferes 
with the metabolic activity of the sodium pump, resulting 
in both decreased excitability and decreased accommodation. 
Other experimental evidence lies in the observations of 
Parrack (81), Wright (114), and Jenerick (62) wpo found 
that a decrease in potassium resulted in a decrease in 
accommodation for nerve and muscle. These findings and the 
interpretation imposed (that is, concomitant decrease in 
excitability and accommodation), represent concepts 
possessing more than academic interest for those attempting 
to elucidate the cause of hypothermic ventricular fibrilla-
tion. For two independent research groups, Hoff and 
Stansfield {59) and Scherf (91) have on a predominantly 
theoretical basis invoked a diminished myocardial accommo-
dation to explain hypothermic V.F. 
Essential to their sch~me is a differential cooling 
of various portions of the heart. Electrotonic injury 
potential\would then be set up between areas of differing 
degrees of coldness. Providing these potentials were of 
sufficient magnitude, they would excite adjacent cells 
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which, being non-accommodative, would fire repetitively. 
This ectopic pacemaker would succeed in depolarizing 
neighboring cells which were receptive and the process 
would then migrate through the heart, giving rise to irre-
versible fibrillation. 
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5. Summary and Conclusions 
1. The induction of hypothermia results in a 
progressive diminution in the level of excitability during 
the cardiae phase of electrical diastole. 
2. The extent of this altered excitability has 
been quantitated in terms of changes in the mathematically 
derived excitability time constant (k)' and the chronaxie 
(te ). 
3· Although there was good evidence for a simi-
lar decrease in the ability of the cardiae fibers to 
accommodate in hypothermia, the time constant (m) of ac-
commodation could not be evaluated in the present analysis. 
The initiation of cardiae arrhythmias by h~po­
thermia could not have as a basis the observed changes in 
excitability;· however, in the light of other evidence, the 
decreased accommodation which :takes place could be assigned 
the role of a major predisposing factor. 
~o. 
Section ~. Conduction 
1. Introduction 
It appears to be well documented that cold, as 
part of its generally depressant 'cardiac effect, decreases 
markedly the velocity of the propagated action potential. 
Thus, in recent years, with the increasing clinical applica-
tion pf hypothermia, a number of papers have appeared 
describing electrocardiographic alterations in both man 
and experimental animals. Among the changes reported · 
are a lengthening or the QRS and P-R intervals indicative 
of slowed conduc~ion in specialized conducting system and 
ventricular myocardium (45, 61, 83, 11, 54, 89, 30}. 
Direct myocardial measurements or the conduction veloci-
ty in the frog ventricle (53} and in dog Furkinje fibers 
(34) point to an· essenti~lly ~inear relationship between 
this cardiac parameter and temperature. In addition, Swain 
· and Weidner {101) using the heart lung preparation have 
I • 
described the.slowing of conduction which takes place in 
the dog heart when the temperature is lowered from 37°c. to 
30°C. 
'To this author's knowledge, however, no one as yet 
has provided direct estimates of hypothermia induced change 
in conduction veiocity in the intact dog·hear.t over an 
extended ~emperature range• 
In considering these studies concerned with the influ-
ence of cold on cardiac conduction, at least two possibilities 
have been broached wh1ch might have a beari~g on the inita-
tion o~ cardiac arrhythmias by hypothermia. Essentially, 
• 
they consist o~: 
a) The possibility that conduction in the specialized 
system might be a~~ected to a greater extent than conduc- · 
tion along undi~~erentiated myocardial pathways. 
b) That due to temperature gradient~.or other hypo-
thetical conditions, di~~erent r~gions o~ the non-special-
ized ventricular myocardium might display d~~~ering degrees 
o~ susceptibility to coldj' hence, dissimilar conduction 
velocities. 
•' 
Both o~ these unproven premises provide ~or con-
ditions which would be ideal ~or the disorganization o~ 
I 
the normal sequence o~ ventricular activation and ultimate-
ly result in ~ibrillation. In addition to these suggestions 
which are under consideration in this section, there remains 
an alternative hypothesis (which will be dealtL with later), 
attributing the genesis o~ ventricular ~ibrillation to a 
disproportionate alteration in r~~ractoriness relative to 
conductivity. 
As a result or the above ~indings and their implica-
tions, the present studies were undertaken for the.following 
reasons: 
1) To determine by means of direct myocardial re-
cording the extent to which the velocity o~ the ventricular 
action potential is diminished over th~ temperature range 
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studied. To compare the changes thus measured directly 
with the alterations estimated via determinations or QRS 
L 
durations, in order to determine whether the QRS interval 
accurately rerlects the ventricular conduction rate. 
2} To carry out these direct determinations of ven-
tricular conduction at several difrerent myocardial sites 
in order to examine the possibility that the velocity of · 
conduction may not be diminished in a similar f.ashion 
throughout the ventricles. 
3} To obtain mo~e information of. the inrluence of 
cold on the process or ventricular depo~arization by 
electronically deriving and comparing the first derivative 
or the QRS complex over an extended temperature range. 
4} To compare the errect of cold on conduc~ion along 
dirferentiated and non-dif~erentiated ventricu±ar pathways, 
' \ by calculating QRS duration changes in dogs with atrial 
and ventricular pacemakers. 
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2. Methods 
a. Direct estimate of ventricular conduction 
velocity 
Four concentric bipolar electrodes were 
sutured to the ventricular myocardium. The sites selected 
were the same, as~uch as possible, from one dog to another 
in order to validate comparison. They consisted of: the 
base of the left ventricle, the middle portion of the left 
ventricle, the left ventricular apex and the basal region 
of the right ventricle. The electrodes used were especial-
ly designed for the purpose, consisting of small leucite 
discs, with a distance of less than one mm. separating the 
center well and outer ring, both being plated with Ag-AgCl. 
The biphasic action potentials were then led to a Tektronix 
502 high sensitivity dual beam oscilloscope. The oscillo-
scope equipped with a Pl screen and blue filter was 
operated at a calibrated sweep rate sufficiently fast to 
spread the complex •. Photographs were then taken with a 
Polaroid oscilloscope camera and the recorded potentials 
subsequently subjected to analysis. 
Since a cal~brated oscilloscope sweep rate was employed, 
determination of the conduction velocity from the Photo-
graphic recordings involved only counting the number of 
standard two mm. grid markers, separating the two peaks, 
and then multiplying by the calibration factor {msec./mm.). 
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b. First derivative of the ~ 
Lead AVF electrocardiogram was obtained on 
-
one channel of a Sanborn twin viso recorder. From the 
oscillograph output of this channel, the amplified ECG 
potential was then introduced into a Philbrick 'D' unit 
where it was electronically differentiated. The voltage 
output of the 'D' unit was then fed back to the D.C. ampli-
fier of the alternate channel on the recorder. With ap-
propriate standardization (a potential change of .2 mv./msec. 
resulted in a deflection of one centimeter) and-operating 
at an adequate paper speed (50 mm./sec.), simultaneous 
records of the electrocardiogram and its first derivative 
were obtained for analysis during the period of hypothermia. 
c. Comparison of conduction time along differ-
entiated and ~-differentiated ventricular 
pathways 
A catheter electrode was passed into the 
right atrium of one group of dogs and they were subjected 
to atrial driving while cooling. Another group had their 
heart rates maintained artif-icially during cooling by m~ans 
of an electrode sutured to the left ventricular surface. 
Lead AVF was then recorded and QRS duration estimated and 
-
compared during the period of cooling. 
3. Results 
I 
I 
\ 
a. Estimates o~ ventricular conduction velocity 
I 
\ 
A group of nine dogs with recording elec-
trodes attached to various regions o~ the ventricular sur-
\ ~acejwere subjected to standard hypothermia. TWo experi-
1 
I 
ment~l approaches·were employed; some animals were 
.! stab~lized at the appropriate temperature level, while in 
I 
I 
others, photographic records o~ the action potentials were 
dbta~ned as the animals underwent continuous cooling. 
1 Figur;e 12 depicts the typical con~iguration o~ cardiac 
I 
actior potentials as they were projected oscillographically, 
at thi various temperatures. As viewed, the records are 
not strictly comparable, ~or with continued cooling and 
subse9uent slowing o~ the heart rate and conduction veloci-
i 
ty, i~ became necessary to make corresponding adjustments 
I 
in the speed and expansion o~ the oscilloscope trace. 
\ Hence,, di~~erent calibration ~actors must be employed to 
i 
I 
determine the true rate o~ conduction at these different 
hypoth~rmic states. For each site and at each of the four 
I temperature ranges (36zl0 c., 30!1°0., 26~1°C. and 23jl°C.), 
\ 
l 
five consecutive determinations were made ~rom which were 
\ 
derived the mean values for conduction velocity listed in 
i 
table VIII. As inspection of the table reveals, the data 
compiled are not complete at various temperature levels. 
The reason for this is two~old: ~irst, due to the 
intervention o~ v.F. only five o~ the original nine controls 
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TABLE VIII 
INFLUENCE OF HYPOTHERMIA ON CONDUCTION VELOCITY 
DETERMINED AT FOUR MYOCARDIAL SITES 
ALL DOGS INCLUDED 
0 No. o:f Stimulus Site Conduction Temp. - C. Dogs Velocity M./sec. 
37:1:1 7 Base L.v. .696 
8 Mid. L.V • .671 
. 
5 Apex: L.v. .751 
3 Base R.v. 1.0 
30:!1 6 Base L.v. .516 
7 Mid. L.v. ·533 
4 Apex L.v. .462 
3 Base R.v. ·745 
26:1:1 4 Base L.v. .412 
5 Mid. L.V .• ·435 
2 Apex L.v. .274 
3 Base R.V. .597 
23:!:1 4 vase L.v. .294 
4 Mid. L.v. .265 
2 Apex. L.v. .124 
3 Base R.v. .375 
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survived to the 26° level; secondly~ the frequent inability 
to obtain technically analyzable records. This latter 
problem resulted from the fact that all action potentials 
which did not exhibit a smooth and rapid transition from 
positive to negative peak were rejected on the basis that 
they would provide invalid estimates of the true conduction 
velocity. It was thought that in these instances, either 
conduction was not proceeding in a straightforward fashion, 
or two differently orientated wave fronts were simultane-
ously traversing the myocardium under the electrode. Be-
cause of the diminished amount of av~ilable data at the 
lower temperature, only those values which were represented 
at all temperature levels were selected for comparison and 
evaluation. Table IX represe~ts the mean value~ just indi-
cated, along with the percentage change at each tempera-
ture. It is obvious from this table that the rate of 
conduction is certainly not homogenous.with respect to the 
various myocardial sites, and that, moreover, the discrepan-
cies become less with cooling rather than greater. This 
is seen more vividly in figure 13 where the decline iB 
rate of propagation is plotted for each of the four ven-
tricular areas:; no dramatic changes are seen, and the de-
creases can be regarded as a more or. less linea! function 
of the temperatures. In general, the rate of excitation 
can be said, on the basis of these results, to be reduced 
to approximately one-half the control values. This is 
TABLE IX 
INFLUENCE OF HYPOTHERMIA ON CONDUCTION VELOCITY DETERMI~ AT FOUR MYOCARDIAL SITES 
. . . 
COMPARISON RESTRICTED TO ANIMALS THAT SURVIVED TO 23tl°C. 
Temp. Base L.V. Mid. L.V. Apex L.v. Base R.v. 
-
oc. Cond. Vel. % change Cond. Vel. % change Cona; Vel. % change Cond. Vel. % change 
37:1:1 .67 
- ·74 - .51 - 1.0 
30:1:1 .,52 22 .58 22' 
·40 23 ·74 26 
26*1 .41 39 ·43 42 • 2_7 46 .60 40 
23~1 .29 56 .26 64 .:r~ "'y,~ .38 62 
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consistent with measurements of QRS durations~ which reveal 
essentially a two-fold increase ~n the duration of the 
ventricular activation process (figure 14). 
b. First derivative 2! ~ QRS 
Electronic differentiation of the QRS com-
plex was employ~d in order to gain information concerning 
the rate of.ventricular depolarization and its responses 
to cold. ·Figure 15 represents an example of the changes 
which occur in the depolarization process and·its derived 
parameter of velocity during hypothermia. It can be seen 
that there are two main slopes involved in the formation 
• 
of QRS curve representing the rise and decline respectively 
of ventricular activation. The rate of potential change 
is demonstrated on the derivative record by the amplitude 
of the two main peaks, the initial upright peak correspond-
ing to the rate 9f rise of the QRS, the negative peak repre-
senting the rate of decline in the QRS wave. In addition, 
this dog with a prominent S wave displayed a corresponding 
' 
third peak which was not exhibited by the other animals. 
In all four dogs subjected to this type of analysis, 
there were observed no changes in the QRS slopes such as. 
would indicate conduction impairment in some susceptible 
regions of the ventricle. If conduction ~lock were to occur, 
for example, in some specific area, the formation of 
additional peaks or the breakdown of existing ones would 
be expected, reflecting the differential effect of cold on 
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the activation process. Instead~ all records displayed 
a progressive diminution of the amplitude of the peaks, 
reflecting a uniform depression of ventricular conduction. 
Quantitative estimation of the degree of slowing of the 
depolarization process is provided in table x. It is seen 
that at controlled temperatures the rate of decline 
designated as Pis faster than the rate of rise labele~, 
but at 21°0. this difference is nearly non-existent. 
Figure 16 graphically depicts the decline of the two rate 
processes, demonstrating that .their decline is roughly 
parallel and basically are linear functions of the tempera-
ture. 
c. Comparison of conduction time along differ-
entiated and ~-differentiated ventricular 
conduction paths 
Since the QRS duration as just shown is a 
valid index of ventricular conduction time~ QRS intervals 
were measured and compared in two groups of dogs during the 
period of hypothermic induction. On one group, the heart 
rate was maintain~a artificially by an atrial pacemaker; 
the second group~ with an electrode sutured to the ventricu-
lar myocardium were driven continually by a ventricular 
pacemaker. The first group displayed an upright normal 
QRS complex, in the standard limb leads, indicative of the 
fact tha~ ventricular activation occurred via the special-
ized conducting system of the Bundle of His and Purkinje 
-~ -
Temp. 
0°C. 
37:1:1 
TABLE X 
EFr,ECT OF LOW TEMPERATURE ON THE RATE OF 
VENTRICULAR DEPOLARIZATION 
Experiment No. 
2758 2759 2903 2914 
~} ~--:t- 0 IS ~ {3 ,..,{_ ..(' -$ d-fj· 
192-181 180-250 100-137 132-162 
Mean 
-P r 
""' 
'' 
151-185 
34-:i:l 133-167 120-190 75-131 98-118 106-151 
30±1 93-123 80-180 93-152 72-89 85-136 
26:1:1 77-97 60-160 79-110 60-87 69-113 
23:!:1 45"!'65 40-=!-30 56-72 51-51 48-79 
21:1:1 34-4·o 43-52 39-46 
*r 
· ~rising slope o~ QRS 
- ~Ht- fJ 
' · - declining slope o~ QRS 
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fibers. The second group displayed an inverted broad QRS 
reflecting the fact that depolarization of the ventricle 
under these circumstances proceeds primarily along slowly 
condu~ting undifferentiated myocardial fibers. Comparison 
of the effect of cold (figure 14) reveals interestingly 
enough that the conduction time increased in parallel. 
This would indicate that the sensitivity to cold is equally 
shared by both types of fibers and the degree of slowing 
exhibited is similar. 
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4. Discussion 
The conduction velocity in dog ventricle has been 
reported to be .88 M/sec. {90),in cat papillary muscle 
.96 M/sec. (104), and according to the observations o~ 
Ho~fman and Cranefiela {60), .9 to 1.0 M/sec. in papillary 
muscle and trabeculae carnae of the dog heart. These 
values are somewhat higher than the classically accepted 
.4 M/sec. (72) but agr~e quite well with the data just pre-
sented which provides a combined control value of .74 M/sec. 
Several authors (32, 88) have emphasized the_ difficulty 
invo~ved in measuring conduction velocity in heart muscle 
because of the problem o~ determining the length and di-
rection o~ the path followed by an impuls'e in a synctial 
structure. It was for this reason that the conventional 
punctate electrodes were abandoned in ~avor o~ the more 
suitable concentric type. This design plus the maintenance 
o~ a maximum distance o~ lmm between the pickup points was 
~or the purpose of reducing the recording problem with its 
attendant arti~acts to a minimum. However, as stated, ~re­
quent di~~iculty was experienced in obtaining good resolu-
tion between the two potential peaks. This could be ex-
plained as the result o~ achieving a poor contact with the 
ventricular surface or alternatively according to the 
~indings o~ Sano et al. {88). These authors ~ound that 
ventricular sur~ace depolarization traveled at a rate two 
to ~ive times greater when directed parallel to the ~ibers 
rather than at right angles. It is conceivable that 
occasionally, in the present work, two waves of excita-
tion di~ected at right. angles could reach the ~uter ring 
simultaneously and then invade the central pole. Such an 
irregular wave of electrical accession passing under t~e 
center well could result in an action potential similar 
in config~ation to that of a compound nerve fiber. The 
conduction velocity as measured by Sano ~ !!• along the 
longitudinal axis of the myocardial fiber of the dog's 
ventricle was estimated to be .450 to .750 M/sec. 
General agreement exists as to the sensitivity of 
cardiac conduction velocity to changes in temperaturer in 
the frog ventricle a nearly linear relationship between 
conduction velocity and temperature has been reported (32). 
A similar linear relationship between the temperature and 
the conduction velocity df ventricular strips (88} and of 
Purkinje fibers (34} has also been observed. 
In the present investigation on the intact dog heart, 
. . 
the relationship observed between conduction rate (both 
direct measurement and Q,RS duration'} and the degre·e of 
hypothermia could be represented as a linear function. 
In attempts to explain the initiation of cardiac 
arrhythmi~s, several authors (13) have pos.tulated the fail-
ure of uniform conduction in the hypothermic heart. Thus, 
Garcia Ramos {84} claimed on the basis of experiments with 
rats that ventricular conduction is depressed in a .~. .. 0 
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heterogeneous fashion providing ideal conditions for 
disorganized activity. Likewise, DiPalma (35) has made 
observations which indicate that in the cold a fractiona-
tion of electrical activity within the myocardium occurs 
which gives the appearance of a loss of latency. It has 
also been implied that a difference in susceptibility of 
different fiber systems might represent the causal factors 
in the production of hypothermic v.F. Such an effect has 
been show~for example, with digitalis (76) where at dose 
levels which depressed conduction in the Purkinje system 
the drugs did not alter conduction in the ventricular muscle 
I 
itself. Such retaining of normal conduction in the face 
of impaired Purkinje conduction would provide the ventricle 
with an opportunity to display an increased automatica~yr 
~ven while excitability was depressed. The findings re-
ported here strongly imply that such conditions do not pre-
vail in the hypothermic heart. Although considerable 
differences in normothermic conduction velocities were ob-
served ~mong the several regions, the right ventricle being 
prominent in this regard, there was no evidence of divergent 
responses. In fact, the range of values between the indi-
vidual areas actually became narrower at the lower tempera-
tures. A similar parallel and fundamentally straight 
line'relatfonship wi~ the temperature was exhibited by 
the conduction time along differentiated and non-differ-
entiated pathways. Finally, the velocity of depolarization 
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as expressed by the first derivative or the QRS demonstrated 
a simple slowing of excitation with no- sudden breaks or 
accessary peaks suggestive of non-unirorm depolarization 
or conduction impairment. 
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5. Summary and Conclusions 
1. The conduction velocity in di~~erent areas 
o~ the myocardium as determined by direct bipolar· epicardial 
recording exhibited some basic di~~erences in normothermia. 
There appeared to be no overt tendency ~or these di~~er­
ences to become more pronounced. under the i~luence o~ 
cold. 
2. Comparison o~ the e~~ect o~ hypothermia on 
conduction times along specialized and non-specialized 
myocardial pathways revealed an essentially·similar, 
practically linear response. 
3. The velocity o~ depolarization as expressed 
by the ~irst derivative o~ the QRS demonstrated a simple 
slowing under hypothermia. There were ~ound no breaks or 
accessory peaks suggestive o~ a non-uni~orm or di~~erential 
impairment o~ conduction. 
The available eviden~e·points to a depressant e~~ect 
o~ cold on ventricular conduction which is ~airly linear 
and quite uni~orm throughout the myocardium. 
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Section D. Refractoriness and Recovery of Excitabilit~ 
1. Introduction 
As stated previously (Section B)~ it has been 
thought by some that the occurrence of ventricu~ar arrhyth-
mias under hypothermia can be rela:ted to al terat.tons in 
excitability as evidencedby changes in responses to elec-
trical testing. It has already been conclusively demon-
strated that this excitability of the diastolic phase of 
the ventricular activity cycle is reduced during hypo-
thermia. However~ the exact nature of the ef~ect of cold 
on ·t;he recovery phase of the cycle is still quite obscure~ 
for two reasons. 
First: Our lack of understanding of the normal process 
of cardiac recovery and its physico-chemical basis. 
Second: A lack of experimental work evaluating the 
responsiveness of this period to change in temperatures~ 
in the light of recent developments in electronic testing 
techniques. 
Covino et al• (26~ 27), using the stimulating system 
innovated by Orias et al. (79)~were among the first to 
study the influence of cold on the ventricular excitabil~ty 
cycle of the hypothermic dog. However, subsequently theEe 
reported results were found to be complicated by technical 
artifacts (49). Brooks et al. (16, 17), investigating the 
problem~ found that the cardiac refractory period is marked-
ly extended by cold. This -·increase in the total refractory 
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period {T.R.P.) was considered to be due almost entirely 
to a prolongation o~ the phase o~ absolute re~ractoriness 
(A.R.F.) with the relative re~ractory period (R.R.P.) dis-
playing no consistent change. Angelakos et !!• (5), while 
noting a similar prolongation o~ the (T.R.P.) by cold, re-
ported a striking increase in the duration o~ the {R.R.P.) 
such that this terminal phase o~ recovery progressively 
occupied a greater portion o~ the T.R.P. as the tempera-
ture was lowered. Since these periods o~ re~ractoriness 
(both A.R.P. and R.R.P.) re~lect the several phases which 
characterize the complicated process o~ ventricular repolari-
zation, it would seem important to determine their relative 
sensitivity to cold. 
In the studies just described, bipolar stimulation 
was employed to determine the limits o~ the re~ractory 
periods; this procedure is complicated by the ~indings o~ 
Orias et al. {79) and van Dam et al. (105) that within the 
. 
recovery phase, excitation occurs preferentially at the 
anode. Moreover, Brooks ~ al. (17) have demonstrated that 
~ 
this portion of the cycle where the anodal threshold dips 
below the cathodal corresponds to the vulnerable period 
where the heart is prone to fibrillate. 
For th~se reasons, it appeared that it would be of 
interest to examine the effects of low· temperature on the 
responses to unipolar stimuli during the period of ventricu-
lar refractoriness. 
Alessi et al. (1) have shown that the ability of vagal 
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stimulation to give rise to atrial fibrillation may be 
correlated with its tendency to alter the duration of the 
R.P. in different atrial locations. Since Sikand et al. 
(93) have shown that normal differences exist among re-
-fractory periods in different ventricular sites, it seems 
possible that under hypothermia these basic differences 
could be accentuated, resulting eventually in V.F. 
Accordingly, in the present study, determinations o~ the 
refractory periods to cathodal excitation were carried out 
at four myocardial sites and the influence of cold examined. 
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2. Methods 
~a· procedures employed were essentially the same 
as those outlined in previous sections. In the studies 
where cathodal and anodal excitation were compared, a uni-
polar electrode was sutured in the general area of the left 
ventricular apex and a large indifferent electrode was 
placed subcutaneously on the precordium. In those animals 
in which refractoriness was evaluated in four myocardial 
sites at each temperature, the same small electrodes 
utilized for the conduction studies were employed. The 
locations tested were: the base of the left ventricle, 
the apex and mid-portion of the left ventricle, and the 
basal region of the right ventricle. No modifications 
were introduced into the generally employed technique of 
cardiac threshold testing, care being taken to ground the 
animals only through the stimulators. Fbr the most part, 
two Grass stimulators were employed; for some of the later 
studies,when it became available, an American Electronics 
Labor~tory (AEL) stimulator was used in conjunction with 
. 
one of the Grass instruments. In all cases, the testing 
stimuli were 1 msec. in duration. 
The procedure of inducing hypothermia was consistent 
with the technique used in the other experimental studies. 
All animals were remove~from the water prior to threshold 
determination and a short period was allowed for the 
temperature to reach a steady state. This latter procedure 
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obviated the problem of temperature drift during the course 
of the data collecting period. Blood pressure, esophageal 
temperature and Lead II electrocardiogram were continuous-
ly monitored during the course of the experiments. 
Definitions 
The following convention was employed in defining the 
phases of the cardiac cycle designated as the total re-
fractory period, absolute refractory period, and the rela-
tive refractory period. 
Absolute refractory period (ARP) The ARP is de-
fined here as that period, starting at the beginning of the 
ventricular depolarization, during which the ventricular 
threshold is more than 10 times that which obtains in late 
diastole in the same cardiac cycle. 
Total refractory period (TRP) The time interval 
between the beginning of the ventricular depolarization 
and the moment at which the threshold assumes a steady 
level later in the same cardiac cycle. 
Diastolic threshold The ventricular threshold 
following the end of the TRP, when the threshold assumes 
a steady level which is maintained for the remainder of 
the cardiac cycle. 
The ARP, TRP and diastolic threshold are obtained 
from measurements of the ventricular threshold at 5-10 
msec. intervals through the entire cardiac cycle. 
108. 
Relative refractory period (RRP) - A derived value 
repre.senting the difference between the TRP and the ARP 
>::! 
(RRP=T.RP-ARP). With anodal excitation, the RRP extends 
beyond the phase of threshold dip. 
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3· Results 
a. Determination of refractory periods with 
cathodal and anodal stimulation 
Usipg unipolar cathodal pulses, the refrac-
tory periods were measured at four temperature levels 
(table XI). Inspec~ion of this table reveals a progressive 
increase in al~)phases of the recovery period, amounting 
to slightly more than a threeEold increase at 22°c. Both 
the ARP and RRP displayed about equal sensitivity to the 
change in temperature. Expressing the RRP as a percentage 
of the total refractory period demonstrates that this 
terminal portion of the. recovery period,at least with 
cathodal stimulation, occupies a constant part of the total 
refractory period at all temperatures. Because of the high 
incidence of V.F. occurring at the lower temperatures, only 
five out of the original 28 experimental animals survived 
to 22°C. In order to permit'more valid estimates of the 
degree of change induced by cold, th~ five dogs that sur-
vived are compared at each of the ~our temperature stages 
(table XII).. Comparison of the data listed in table XI 
and table XII indicate that the five survivors do not repre-
sent a different population than the other 23 animals • 
. . 
Thus, the data obtained for these five at 22°C. is probably 
representative of the entire group. 
In another group of animals, changes in threshold 
during the recovery period were delineated with both 
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Temp. 
37i1° 
30±1° 
25!1° 
22±1° 
TABLE XI 
CARDIAC REFRACTORINESS (MSEC.) UNDER COLD AS 
DETERMINED WITH CATHODAL STIMULI 
< 
ALL DOGS INCLUDED 
No. of' Heart RRP 
Dogs Cycle TRP· ARP RRP f% of' TRP) 
·28 312±.54 165~19 134±17 31 18.6 
17 405:!48 246±31 206:1:24 40 16.4 
8 662:!:121 412±56 332±38 80 19.4 
5 960!:152 .532f56 430f40 102 19 •. 2 
TABLE XII 
CARDIAC REFRACTORINESS (MSEC.) UNDER HYPOTHERMIA AS 
. 
DETERMINED WITH C~reHODAL STIMULI 
. 
COMPARISON OF FIVE DOGS 
Temp. No. of' Heart TRF ARP RRP RRP Dogs Cycle (% of' TRP) 
37!1° 5 324!50 172:1:24 140f20 32. 18.6 
30±1° 5 398t39 244:1:41 207:1:31 37 15.2 
25~:1° 5 648fl43 398:f:56 33l:t48 67 16.8 
.22il0 5 960!152 532:f:56 430:1:40 102 19.2 
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cathodal and anodal stimuli. In this series, only two of 
the original 16 survived to 22°0., all others succumbing 
to v.F. In view of the well known propensity of the heart 
to fibrillate under anodal testing, it is of interest to 
note that of the 14 animals that failed to reach 22°0., 
eight died during cathodal stimulation and six under the 
influence of anodal pulses. The strength-interval re-
lationship of a typical. animal are plotted in figure 17. 
. . 
Inspegtion of this figure reveals several important con-
siderations. 
First: The cathodal curves are quite smooth until 
low temperatures {25°0.) are reached and there they display 
irregularities that best could be described as plateaus. 
There were no consistent well defined dips with cathodal 
excitation. 
Second: The contour- of the anodal curve was quite 
irregular even at normothermia and did display classical 
dips. 
Third: As a result of these anodal dips, the anodal 
threshold which exceeded the cathodal during diastole 
became less than cathodal within the recovery perio4. 
Except in rare instances during normothermia, the anodal 
threshold invariably remained below the cathodal until the 
ARR was reached. As cooling progressed, the duration of 
this anodal dip interval (anodal ~cathodal) became in-
' 
creasingly greater. 
' ' 
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Table XIII demonstrates the effects· oi' hypothermia on 
r 
the phases of' cardiac re~overy as determined with anodal 
and cathodal stimuli. From the tabulated data, it can be 
seen that the ARP as obtained with anodal stimulation is 
less than with cathodal, but that the RRP measured with 
anodal excit'ation. i~ _greater than that determined with 
cathodal pulses. However, this relationship remains fair-
ly consistent through the course of' hypothermia and the 
relative refractory periods expressed as percentage of' TRP 
remain quite constant. This is borne out in table XIV 
where a comparison of four animals that survived to ·26°c. 
is carried out. It should be noted in this table that the 
RRP determined with both stimulus polarities are equal at 
(Q ' . • 
2?,0 c. However, the significance of this is u~certain; two 
of the four showed a greater cathodal RRP, the remainder 
a greater anodal RRP. The population is really too small 
to draw any definite conclusion. The only aspect that does 
show a consistent and ~ignif'icant change is the dip inter-
val which is prolonged to 50 msec. at 2?°C. and even at 
26°c. shows almost a two-fold increase over the control 
value. 
Table XV demonstrates the alterations in the ref'rac-
tory periods of' a typical dog during cooling and rewarming. 
It is seen that all changes that occur down to 22°C. are 
reversible including the duration of the anodal threshold 
dip. 
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TABLE XIII 
. . 
COMPARATIVE REFRACTORY PERIODS {MSEC. ) DETERMINED WITH 
ANODAL AND CATHODAL EXCI~TION DURING HYPOTHERMIA 
. 
ALL ANIMALS INCLUDED 
I. 
\ 
Temp. No. o£ Heart Polarity TRP ARP RRP RRP Anodal Dip Dogs Cycle {% o:f TRP} (msec.) 
37=1° 16 330 r 37 Oath. 168±18 140fl4 29 . 17·3 
Anod. 172±21 131f17 42 24·4 15 
30:1° 9 430 t 52 oath. 250!38 207t34 43 17.2 
Anod. 262:!45 197t39 65 24.8 27 
26=1° 4 670±120 Oath. 410f66 328%48 82 20.0 
Anod. 396f53 315:£36 81 20.~. 26 
22=1° 2 . 9oor45o Oath. 530f85 450i71 80 15.0 
Anod. 535t78 425%92 110 20.6 50 
..... 
t::. 
• 
TABLE XIV 
COMPARATIVE REFRACTORY PERIODS (MSEC.) DETERMINED WITH 
. . 
ANODAL AND CATHODAL EXCITATION DURING HYPOTHERMIA 
. . 
COMPARISON OF FOUR ANIMALS 
Temp. No. ot: Heart Polarity TRP ARP RRE RRP Dogs Cycle C% ot: 'IRP) 
37=1° 4 330t26 cath. 1.80t 18 145:f17 35 19.4 
Anod. 185:! 24 140:!16 45 24.3 
.30:10 4 413t15 cath. 250! 34 212%50 38 15.2 
Anod. 26o:f 43 205:!47 55 20.4 
26:10 4 670%26 cath. 410% 66 328i47 82 20.0 
Anod. 296:!107 315%36 81 20.4 
Anodal Dip 
(msec.) 
l4 
20 
26 
1-' 
1-' 
0' 
• 
b. Comparison of refractory period in different 
regions of the heart. 
Using cathodal stimuli, the changes in 
threshold throughout the recovery period were evaluated at 
four different myocardial sites. These measurements per-
formed on the basal, apical, and mid ~ortion of the left 
ventricle, as well as the basal region of the right ven-
tricle. No measurements could be obtained at a temperature 
below 30±1°0 due to the constant intervention of intractable 
v.F. All attempts to defibrillate a~d resume testing were 
uniformly frustrated by the repeated reoccurrence of the 
fibrillation. As shown in table XVI, only slight differ-
ences were observable between the different areas before 
hypothermia. The RRP at the apex and base of the right 
ventricle was consistently greater than at the base of the 
left ventricle, although the difference was small. Upon 
cooling down to 30°0., it was evident that the RRP or the 
right ventricle had now became less than that measured at 
the basal and apical regions o~ the left ventricle. In 
addition, the apical region which in normothermia had dis-
played a RRP longer than at the basal portion or the same 
ventricle, likewise exhibited a RRP that was less than that 
found at the basal region of the left ventricle at 30°0. 
TABLE XV 
CHANGES IN THE REFRACTpRY PERIODS (MSEC.) OF A TYPICAL DOG 
DURING COOLING AND REWARMING 
0 Temp. c. 
37il 
30±1 
2.5f1 
22±1 
25£1* 
30>:!1* 
35:!:1* 
~fo 
rewarmed 
Stim. 
Polarity 
Oath. 
Anod. 
oath. 
Anod. 
oath. 
Anod. 
Oath. 
Anod. 
oath. 
Anod. 
oath. 
Anod. 
oath. 
Anod. 
Heart TRP Cycle 
200 
350 
200 
230 
400 
240 
350 
.540. 
350 
Boo 470' 
480. 
780· 
45n 
41cr, 
260: 
460 
·290' 
180' 
340' 
200 
ARP RRP RRP Anodal. % of TRP Dip 
160 40~ 2@ 
140 60 30 20 
210 20 9.0 
190 50· 20.8 20 
300 50 14.3 
270: 801 22..8 30 
400· 70 14·9 
360' 120 25 60: 
3701 80~ 17.8 
340· 70. 17.0J 50 
2201 40 14.8 
220} 70' 24.0: 20; 
160 20: 11.1 
150 5o: 25 20 
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TABLE XVI 
EFFECT OF HYPOTHERMIA ON THE REJffiACTORY PERIODS {MSEC. ) 
DETERMINED WITH CATHODAL STIMULATION 
AT .FOUR MYOCARDIAL SITES 
Temp. No. of Heart Stim. Site TRP ARP RRP oc. Dogs Cycle 
37:1:1 9 300%47 Base - L.v. 128±19 115i14 13 
Mod. - L.v. 134:l22 120!16 14 
Apex - L.v. 135f18 118:1:15 17 
Base - R.v. 134f21 116f18 18 
30:1:1 5 444*37 Base - L.v. 248":f:26 202%19 46 
Mid. - L.v. 245±23 207~ 9 38 
Apex - L.v. 246f23 206±14 40: 
Base - R.v. 242f24 2.09!16 33 
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4· Discussion 
As determined with cathodal stimuli, the duration 
or the RRP and ARP occupied a relatively constant portion 
of the recovery period as the TRP increased. It would 
appear that both the phases of rerractoriness posses a simi-
lar temperature dependency and thus are equally responsive 
to the depressant action of cold. This is in contrast to 
other findings;· whereas Brooks ~ !!• (17) reported that 
the RRE remains quite constant during cooling, the data 
of Angelakos et al. (15) suggest that the RRP not only in-
creases but to a greater extent than the ARP. The discrepan-
cy is probably related to two complicating factors. 
First: It becomes very difficult to define the outer 
margin of the RRP during cooling;· Angelakos et al. (5) also 
noted this inherent difficulty. The ARP, however, remains 
relatively easy to measure and most reported values are in 
general agreement as to the existence of a three to four-
fold increase in hypothermia. 
Second: Bipolar stimulation, as used by other investi-
gators, introduces the problem of preferential excitation 
at either the cathode or anode throughout the recovery 
cycle. Since the durations of the two phases differs 
according to the polarity of the stimulus, it is possible 
that with bipolar stimuli a true estimate of the individual 
contribution to the total recovery period cannot be made. 
The recovery of excitability under cathodal stimulation was 
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found to be consistently smooth at least down to moderate 
hypothermia. Below 25°c., there was evidence of irregu-
larities in the recovery process, but they took the form 
of variable plateaus rather than well-defined dips of 
hyperexcitability. 
Comparison of refractory periods measured with cathodal 
and anodal pulses reveals no striking differences under 
the influence of hypothermia. In the control animals prior 
to immersion, the ARP and RRP determined with anodal exci-
tation characteristically were shorter and larger respec-
tively than the same periods obtained with cathodal stimu-
lation. The four animals that survived to 26°c. displayed 
a RRP that was equal for both modes of excitation while 
the ARP was shorter when determined with break stimuli. 
Interpretation of these changes is difficult~and indeed 
even the degree of significance is undertain because of 
the limited number of animals involved. Anodal strength-
interval curves showed a characteristic dip in the recovery 
of excitability during the period off relative refracto~i-
ness. 
This dip interval during which the anodal threshold, 
originally greater than cathodal in the diastolic period, 
dropped below the cathodal, became increasingly longer 
with hypothermia. In addition, there was a tendency for 
the dip to become larger, although seldom did anodal 
excitability during this period reach the diastolic level. 
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Cranerield et al. (33) have shown that the dip in the anodal 
curve of the normothermic dog coincides with the vulnera-
ble period of the heart, the time when the different seg-
ments of the myocardium are characterized by different 
degrees of recovery and the heart is predisposed to arrhyth-
mias. This temporal relationship suggests that a funda-
mental relationship may exist between alterations in anodal 
threshold responses and the initiation of fibrillation. 
Some measure of support for this concept is provided bytrohe 
report of Covino (23) that the fibrillation threshold is 
markedly decreased in the hypothermic dog, which correlates 
well with the above findings of a prolonged anodal dip 
during hypothermia. The physico-chemical basis for these 
observed differences in cardiac response to anodal and 
cathodal excitation is only incompl~tely understood {33), 
and thus it is pointless to hypothesize on the changes 
induced by hypothermia. Whatever their nature, these 
changes are reversible as evidenced by the dog that was re-
warmed. 
The normothermic dog heart was found to display only 
slight but relatively consistent differences in refractori-
ness at several different myocardial sites. Thus, the 
apical region of the left ventricle possesses a longer ARP 
and RRP than the basal portion of the same ventricle. 
Sikand et al. (93) reported similar findings in dogs in 
which they estimated refractory period with needle 
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electrodes which were plunged through the chest wall and 
into the myocardium. At 30°0.$ the sit~ation with regard 
to the duration o£ the RRP was reversed and the apex now 
displayed the short~r interval. In add~tion, the right 
ventricle which was estimated to have the longest RRP o£ 
the £our sites tested, possessed by £ar the shorteet RRP 
at the hypothermic level. It is, o£ course, true that 
30°C. does not represent a crucial stage o£ hypothermia; 
arrhythmias and other electrophysiological aberrations 
usually do not appear until a temperature o£ approximately 
26°c. is reached. 
Yet, the above data does suggest that as high as 30°c. 
dif£erences in the extent o£ refractoriness in separate 
areas of the myocardium are becoming evident and, thus, 
perhaps at the lower stages o£ hypothermia, these descrepan-
cies may become even more pronounced to the point o£ 
representing a critical £actor in the initiation o£ V.F. 
It should be noted that there is an inherent bias in-
volved in the consideration o£ the data used £or analysis. 
Because of the fact that only certain animals survive to 
low temperatures and permit the measurement o£ changes in 
electrophysiological parameters, there exists an unavoida-
ble selection of animals. Employing the device of comparing 
only those animals that survive does not alleviate the 
difficulty because these animals presumably do not repre-
sent the general population. Rowever, one can justifiably 
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say that whatever changes are detected in. the 11 selected11 
group, they are probably accentuated in those animals that, 
due to the effects of cold, are unavailable for analysis. 
5. Summary and Conclusions 
1. As determined with cathodal stimuli~ both the 
ARP and RRP o~ the heart displayed a considerable but rela-
tively similar increase in hypothermia. 
2. Excitability recovery curves obtained with 
cathodal stimuli showed a relatively regular contour at 
least down to 25°c. Below that temperature~ plateaus and 
breaks but no dips were frequently observed. 
3. The anodal recovery curves displayed a pro-
nounced dip which became longer at lower temperatures~ sug-
gesting a relationship with the increased incidence o~ V.F. 
at these temperatures. 
4• The ARP and RRP determined with anodal ex-
citation was characteristically shorter and longer, re-
spectively, than the same periods obtained with cathodal 
stimulation. The relationship between the ARPs remained 
constant; there was a suggestion that the RRPs became equal. 
5. The normal di~~erences existing among RRPs 
determined at the basal and apical portions o~ the le~t 
ventricle and the right ventricle were consistently altered 
by mild hypothermia. This suggested the possibility o~ 
more drastic di~ferences at lower temperatures and a possi-
ble causal relationship to the incidence o~ V.F. 
Section E. Electrocardiographic Potentials 
1. Introduction 
The electrocardiogram reflecting, as it does, the 
underlying cardiac electrical activity~ provides valuable 
information concerning the ~rocesses of depolarization and 
repolarization in the myocardial fibers. As .a result, the 
effect of hypothermia on the electrical activity of-the 
heart has been electrocardiographically well documented. 
Under the influence· of hypothermia, eonsistent and distinct 
changes have been reported in the electrocardiogram of 
rats (46, 111), dogs (11, 39), and humans (54, 37, 38). 
" 
The general changes observed in the ECG consist of 
progressive bradycardia with prolongation of the P-R, QRS, 
and Q-T intervals. In addition, the S-T segment and the 
T wave have been noted to vary by changes in their ampli-
tude and/or reversal of polarity. 
In addition to these alterations in the normal electro-
cardiographic complexes, many investigators have called 
attention to the appearance of a new wave at low tempera-
tures. This deflection, which appears at the junction of 
the QRS complex and. the S-T segment, grows in amplitude 
and duration as the temperature falls. Morphologically, 
this wave form has been compared with that seen as a po-
tential of injury associated with the acute phase of myo-
cardial ischemia (8) and that seen with calcium intoxica-
. 
tion {4). Several investigators have considered this wave 
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to be or prognostic value in that it provides a reliable 
prediction of impending V.F. (31). However, this remains 
controversial as other investigators have round no constant 
relationship between the presence or thi~ S-T segment 
elevation and the occurrence of V.F. (39). 
The majority or the studies carried out on the electro-
cardiographic changes induced by hypothermia have consisted 
or routine measurements or the durations of various wave 
rorms and intervals. Scant attention has been paid to a 
vectorcardiographic analysis·which would permit a more 
useful description of hypothermic alterations in depolaP.i-
zation and repolarization. Utilizing this technique in 
the present investigation, it is possible to characterize 
cardiac electrical activity in terms of instantaneous 
vectoral rorces in one plane projected as a loop and like-
wise determine the orientation and magnitude of the re-
sultant vectors for depolarization and repolarization as 
well as their vectorial sum, the ventricular gradient. 
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2. Methods 
The experimental animals were prepared in the 
usual manner for hypothermic induction which, for the most 
part, involved only the minor procedures associated with 
' 
routine venous and arterial cannulation and tracheal intuba-
tion. In several animals, a catheter electrode was passed 
into the right atrium to be available for heart stimula-
tion studies. It was found in this ,connection that if' the 
eiectrode were monitored as a V lead, correct placement 
was assured by watching the configuration and amplitude 
of' the recorded P waves on an oscilloscope. 
Electrocardiographic records were obtained by means 
of a Sanbo~n Twin Viso operated at a 50 mm./sec. paper 
speed. For the majority of the experiments, Leads I and 
. . . 
aVF we~~ employed;· however, in a few of' the initial. experi-
ments, a V iead was obtained from the back but this was 
later discontinued. From the recorder, the perpendicular 
leads (I and aVF) were projected as frontal plane loops 
on a Tektronix dual beam oscilloscope equipped with a Pl 
screen and blue filter. The loops were then photographed 
with a Polaroid oscilloscope camera. 
Reconstruction of the mean frontal plane vectors .and. 
ventricular gradient was done manually by counting the 
squares under the QRS and T waves in both leads with the 
aid of' a magnifying glass. 
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3. Results 
a. Ventricular deEolarization 
Figure 18 depicts Lead I and aVF in a single 
' dog and 'demonstrates the typical changes wh~ah~cQur in 
the ECG under the influence of low temperature. It can be 
seen that there is a complete absence of striking change 
in the QRS denoting the process of depolarization. There 
was a moderate increase in the area of the depolarization 
potential along with a decrease in the rate of conduction 
as evidenced by a progressive increase in the duration of 
the QRS. In Figure 19, the duration, as well as the mean 
area of the QRS, have been plotted against temperature. 
As can be seen, there is a twofold increase in the duration 
of ventricular depolarizatio~ over the range of 37° to 21°C. 
This increase in the time of depolarization is closely 
followed by similar changes in the area of the QRS. The 
slight divergence at the temperature extremes is largely 
attributable to the dimfunution of the QRS voltage which is 
observed below 25°c. J Figure 20 demonstrates the typical 
depolarization and repqlarization loops obtained at differ-
ent temperatures in a representative dog. The loop was 
arranged so that it corresponded to conventional points of 
reference, a positive p~tential being directed downward 
and to the left. The main axis of depolariz~tion in this 
particular animal as displayed in Figure 20 is downward and 
slightly to the left which appears to be the normal 
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electrical axis in the dog and which is unaffected by cold. 
Several attempts were made to determine the projection of 
the QRS in the posterior direction, but these were 
abandoned when it became evident in a: series of dogs;that 
minimal activity occurred in the horizontal plane, indica-
ting that few, if any, of the cardiac~ vectors were directed 
perpendicular to the frontal plane. Further inspection 
of Figure 20 reveals that the tracemarkers.became closer 
at low temperatures, another indication of the prolonga-
tion of ventricular depolarization in hypothermia. 
b. Ventricular repolarization 
As seen in Figure 18, the process or repolari-
zation, in contrast to depolarization, is quite dramatical-
ly affected by cold; as the T wave becomes much larger 
and e~hibits several wave forms. These changes in the T 
wave may occur at temperatures as high as 32°0. but in 
general appear at around 26°0. to 25°0. As seen in figure 
18, the T wave changes are characteristically triphasic. 
Thus, there is first the large positive deflection as seen 
in Leads II and AVF following ~lose upon the QRS and at 
low temperatures practically overshadowing the QRS. This 
is the so-called "current of injury" so labeled by Osborn 
and which does not appear as striki~gly in every h~Rothermic 
dog. Next, there are usually two negative deflections 
separated by a phase which may be positive, negative, or 
isoelectric. Several animals were hyperventilated but with 
J..3.3· 
no significant changes in the occurrence or magnitude of 
those abnormal T wave components. Moreover, it was not 
possible to detect a constant relationship between the 
presence or absence of either elevations or depression of 
this segment of the electrocardiogram and the· occurrence 
of v.F. In an effort to ascertain whether these were 
primary changes in the repolarization process or whether 
the observed abnormalities were secondary to the hypother-
mic bradycardia, heart rate studies were performed. It 
. 
was found that in three animals, artificially increasing 
' the heart ~ate {via atrial driving) to various levels above 
the spontaneous frequency had no effect on either the 
occurrence or configuration of these S-T waves. 
The areas under the QRS and T waves were integrated 
graphically to demonstrate the processes of depolarization 
and repolarization as mean vector forces in the frontal 
plane (figure 21). It can be seen that the QRS vector 
similar to that derived electronically remains quite 
consistent in its orientation down to 21°0. The mean T 
.vector, however, began to increase in magnitude at about 
29°C. (reflecting the appearance of the Osborn wave) and 
becomes more prominent as cooling progresses. However, 
there was little consistency demonstrated in these changes 
in the magnitude and orientation of the T vector, and after 
analyzing 15 animals, no general pattern o~ change could 
be determined although there was a tendency for the 
direction of repolarization to become opposite to that of 
depolarization. This same inconsistency in the repolari-
zation process is also observed between animals as well 
as within animals. It was found not be be due to tempera-
ture drift for the temperature of several animals were kept 
within~ tenth of a degree for over an hour before EGG's 
were taken and the same variable changes in repolarization 
were observed. 
The ventricular gradient of Wilson (112) derived by 
the vectoral addition of the QRS and T vector is shown in 
figure 21. The gradient displays the same variability with 
regard to orientation and magnitude {although it generally 
increases at low temperatures) and, as can be seen in 
. 
figure 21, the changes in the gradient reflect the changes 
in the T vector. 
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4· Discussion 
It is apparent ~rom the results presented that 
the process o~ ventricular depolarization is relatively 
unresponsive to changes in·temperat~e. This is, of course, 
consistent with the view that depolarization is a passive 
process, the result of ionic movements along previously 
established gradients without the expenditure of large 
amounts of energy. Repolarization~on the other hand, has 
long been associated with the activity o~ "metabolic pumps11 
which consume energy in reestablishing and maintaining 
ionic gradients. This view, of course, is amply veri~ied 
by the extreme lability displayed by the repolarization 
process under the influence of cold. What was unexpected 
was the extreme unpredictability of the response to the 
low temperatures. The repolariza~ion vectors showed no 
consistently uniform increase in magnitude at the lower 
temperature although, in general, they were larger in hypo-
thermia. Likewise, the T wave vector displayed no con-
' 
sistent change in orientation at the lower temperature but, 
instead, varied widely although generally, at the tempera-
ture extremes, it was directed at approximately 180° angle 
relative to the mean QRS vector. This variability was 
attributed, in part, to the fact that the mean T vector had 
to be derived ~rom the algebraic summation of two or more 
deflections of dif~erent polarities. Thus, there was ample 
opportunity ~or introducing errors of measurement. Other 
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investigators {54, 39) have likewise stressed the extreme 
variability of the repolarization process. 
The large positive deflection seen immediately after 
the QRS, and described variously as a current of injury 
(80), and the J wave (38) appeared to be of no prognostic 
value with regard to predicting the onset of v.F. This 
wave has been variously attributed to myocardial anoxia 
(63), to an injury current (80), to acidosis (27) and to 
. 
auricular repolarization {92). More recently, West (109) 
showed that this wave coincides with a notch which occurred 
between phase 1 and phase 2 of the ventricular action po-
tential. Altering the magnitude of the notch affected ~he 
magnitude of the S-T segment elevation proportionately. 
West U09) demonstrated that the notch in the action poten-
tial as well as the S-T change responded to alteration in 
heart rate. Thus, according to that author, an increase 
in the heart rate usually caused a disappearance of the 
notch and, therefore, a diminution of the Osborn or J wave. 
In the present experiments, no evidence was obtained 
that would support the contention that the S-T alterations 
were heart rate dependent. Thus, their appearance seems 
to reflect a direct disruptive effect of cold on the 
process of myocardial repolarization rather than the result 
of a cold induced depression of heart rate. The actual 
meaning of the S-T changes and in particular the presence 
of the Osborne wave still remains obscure. However, it 
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does appear that the labeling of the latter as an "injury 
< 
potential" is a misnomer, :Cor not only is,it variable in 
its appearance, but is easily reversed with rewarming. 
In addition, morphologically, there is a striking differ-
ence between the conf'iguration of' this segment as seen in 
hypothermia and the classically described "potential of' 
injury"' associli'ted with the acute ph~se of' myocardial 
i~chemia (8.9). Likewise, hyperventilation of' the hypo-
thermic animals had no consistent ef'f'ect on either the 
occurrence or the size of' this wave :Corm which is in 
contrast to the view (27) that it signifies ~ state of' 
acidosis. 
The ventr~cular gradient was introduced by Wilson 
(112) as a measure of' local variations in the duration of' 
the excitatory process. The large, although inconsistent, 
increases occurring in the ventricular gradient under 
hypothermia may indicate an altered relationship between 
depolarization and repolarization in the heart. 
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5. Summary and Conclusions 
1. The process of ventricular depolarization is 
only slightly affected by moderate hypothermia, a slowing 
of conduction being the only significant change. 
2. The process of repolarization demonstrated 
great thermosensitivity but with little observable pattern 
in the changes of magnitude and orientation. Likewise, the 
. 
time discrepancy between the depolarization and repolari-
zation processes represented by the ventricular gradient 
is also increased by cold. 
0 3· Changes in the recovery process were 1 due 
to the effect of cold and were not rate dependent. 
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IV. DISCUSSION 
From the evidence presented, it appears that the 
chang~s induced in some of the electrophysiological 
parameters are of such a nature as to exclude them from 
serious consideration in -.•understanding ~{ the cause of 
the increased irritability that obtains in hypothermia. 
Thus, the increased excitability pos.tulated by some did 
not occur; instead, as characterized by the time constant 
(k), the excitability was quantitativ.ely demonstrated to 
decrease. Further proof of a state pf decreased responsive-
ness to electrical stimuli was provided by the chronaxie 
values which increased progressively with cooling. The 
reported efficacy of sino-atrial blockade suggested the 
possibility that in hypothermia the discharge from the S-A 
node becomes irregular or that A-V conduction is impaired, 
allowing several ventricular pacemakers to escape from 
sinus domination and thus initiate ectopic activity. The 
results reported here make this extremely uft~ikely, since 
the hearts driven from either atrial or ventricular arti-
ficial pacemakers at uniform rates slightly above the 
spontaneous frequepcy exhibited no signs of protection and 
fibrillated at the same temperature as spontaneeualy 
cooling hearts. Moreover, analysis of the electrocardio-
grams of dogs allowed to cool to terminus reveals that 
the depression of the heart rate is essentially linear and 
, 
that the occurrence o~ ventricular ectopics in these ani-
mals was a random event bearing no relation to the dog's 
actual vulnerability to ~ibrillation. This implies that 
cold does not seriously disrupt the normal sequence pace-
maker discharge nor consistently result in the ~ormation 
o~ new idioventricular pacemakers. Support ~or this view 
is o~~ered by the studies o~ pacemaker activity in single 
Purkinje ~ibers (22) and in fibers of the sinoatrial node 
(75) which demonstrate a progressive decrease in diastolic 
depolarization under the influence of low temperature with 
an eventual loss of rhythmicity. Enhanced depolarization 
is thus rarely encountered when isolated preparations are 
cooled to temperatures of 10 to 15°c. Since records of 
Purkinje ~iber activity have not been obtained in the 
intact heart during hypothermia, the possibility does re-
main that within some critical temperature range the 
fibers o~ the specialized conducting system may develop 
pacemaker activity. However, the results reported here 
appear to make this an unlikely mechanism for the increased 
susceptibility to ventricular fibrillation. 
The rate o~ conduction through the ventricle is slowed 
as a result o~ the induced hypothermia with no indication 
o~ di~~erential e~fects which might provide a reasonable 
basis ~or the arrhythmic behavior o~ the mammalian heart 
at low temperature. Thus, when the conduction velocity 
was measured at ~our di~ferent regions of the same heart, 
it was noted that considerable differences are displayed 
even under relatively normal conditions. With cooli,ng 
the process of conduction appeared to be affected to an 
equal extent in all regions of the heart. This same simi-
larity of response was observed when the influence of cold 
on conduction time was compared for the specialized con-
ducting system and the undifferentiated myocardial path-
ways. In addition, the first derivative of the depolari-
zation process exhibited a uniform depression with no overt 
signs of differential impairment of conduction. 
The process of depolariz~tion likewise failed to 
exhibit any dramatic changes in hypothermia. In general, 
the processes of excitability~ rhythmicity, depolarization 
and conduction, while not impervious to the influence of 
cold, are certainly not drastically affected. The altera-
tions which were observed1 do not appear to be seriously 
implicated in the etiology of hypothermic cardiac irritabili-
ty. 
The diminished ability of the cardiac fibers to accom-
modate to a stimulus as a result of hypothermia could have 
theoretically an important bearing on the electrophysio-
logical status of the mammalian heart at low temperature. 
Thus, Hoff and Stansfield (59) and Scherf (91) without any 
experimental evidence have invoked a decreased accommoda-
tion to explain the ability of localized myocardial cooling 
to provoke ventricular fibrillation. Since some 
investigators have postulated the existence of temperature 
gradients in the hearts of animals subjected to surface 
cooling (16), it is possible that the above view is 
applicable in the present case. According to the· proposed 
hypothesis as a result of the differential cooling, elec-
trotonic injury potentials would be set up between areas 
of different temperatures. Providing that these potentials 
were of sufficient magnitude, they would excite adjacent 
cells which being non-accommodative would fire repetitively. 
This ectopic pacemaker would succeed in depolarizing neigh-
boring c~~ls which were receptive and the process would 
then migrate through the heart, giving rise to irreversible 
fibrillation. 
In contrast to the other parameters evaluated, the 
processes of refractoriness (recovery of excitability) and 
repolarization were greatly prolonged by cold with indi-
cations of distinct phase differences existing among differ-
ent areas. The refractory periods determined at four 
different sites on the heart showed a tendency to respond 
differently to the influence of cold. Although these dis-
crepancies could be estimated only at 30°0., the possibili-
ty is strong that they become more pronounced at the lower 
stages. The gross but inconsistent changes observed in 
the S-T segment and the ventricular gradient provide evi-
dence that the duration and rate of repolarization are 
differing throughout the ventricle. In this connection, it 
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is important to note that Angelakos (.5) has reported that 
under hypothermia the recovery of repolarization occurs 
faster than recovery of excitability. A striking re-
sponse to cold was observed with regard to the period of 
anodal threshold dip. This interval occupying the RRP 
during which the anodal threshold originally greater than 
cathodal in the diastolic period dropped below the cathodal 
became increasingly longer with hypothermia. In addition, 
there was a tendency for the magnitude of this dip to in~ 
crease, although seldom did anodal exc,i tabili ty reach the 
diastolic level. Cranefield et al. (33) have shown that 
the dip in the anodal curve of the normothermic dog coin-
cides with the vulnerable period of the heart, the time 
when the different segments of the myocardium are character-
ized by different degrees of recovery and the heart is 
predisposed to arrhythmias. This temporal relationship 
suggests that a fundamental relationship may exist between 
alterations in anodal threshold responses and the initia-
tion of fibrillation. Some measure of support for this 
concept is provided by the report of Covino (23) that the 
fibrillation threshold is markedly decreased in the hypo-
thermic dog which may bear an important relationship to 
the above findings of a prolonged anodal dip during hypo-
thermia. Cranefield et al. (3) and Ho~fman and Cranefield 
(60) as a result of their studies on anodal excitation 
1he ht!t~llt1' 
have suggested that an infarcted areafmight act as an anode 
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to adjacent1 still excitable tissue. Brooks ~ al. (16) 
have actually demonstrated that the action potential of 
fibers near the infarct are shormened and their excitabili-
ty enhanced. Moreover, Hoffman and Cranefield (60) have 
suggested ~hat owing to the long duration of the Purkinje 
fiber action potential, the ventricular fibers probably 
are anodal with respect to the Purkinje fiber for a time 
during every cycle. 
It seems plausible, therefore, that under hypothermia 
circumstances may be such that unequal states of repolari-
zation and refractoriness existing within the cardiac 
synctium might·give rise to anodal potentials which com-
bined with prolonged anodal dips and diminished accommoda-
tion ultimately give rise to ventricular fibrillation. 
V • SUMMARY AND CONCLUSIONS 
1. The depressant effect of temperature on the 
spontaneous heart rate is essentially linear over the 
temperature range of 37-21°C. 
2. Subjecting the animals to artificial cardiac pace-
making, both via the atrium and the ventricle, ·did not 
lower the percentage of fibrillating animals below the 
control level nor lower the mean letha~ temperature. 
3· T.he induction of hypothermia results in a pro-
gressive diminution in the level of diastolic excitability. 
The extent of this decrease has been quantitatively esti-
mated in terms of the derived time.constant {k) and the 
chronaxie (tc>· 
4. There was good evidence for a similar decrease 
in the ability of the cardiac fibers to accommodate in 
hypothermia;- however, the time constant (m) of accommoda-
tion could not be evaluated in the present analysis. 
5. The conduction velocity in different areas of the 
myocardium exhibited some basic differences in normothermia. 
There appea~ed to be no tendency for these differences to 
become more pronounced under the influence of cold. 
6. Comparison of the effect of hypothermia on con-
duction times along specialized and non-specialized myo-
cardial pathways revealed an essentially similar, practi-
cally linear, response. 
7• The velocity of repolarization as expressed by the 
first derivative of the QRS demonstrated a simple slowing 
under hypothermia. There were found no breaks or accessory 
peaks suggestive of a non-uniform or differential impair-
ment o~ conduction. 
8. As determined with cathodal stimuli, both the ARP 
and RRP of the heart displayed a considerable but relative-
ly similar increase in hypothermia. 
9, Excitability recovery curves obtained with cathodal 
stimuli snowed a relatively regular contour at least down 
to 25°C. Below that temperature, plateaus and breaks but 
no dips were frequently observed. 
10. The anodal recovery curves displayed a pronounced 
dip which became longer at lower temperatures, suggesting 
a relationship with the increased incidence o~ v.F. at 
these temperatures. 
11. The ARP and RRP determined with anodal excita-
tion was characteristica~ly shorter and longer, respective-
ly, than the same periods obtained with cathodal stimula-
tion. The relationship between the ARPs remained constant; 
there was a suggestion that the RRPs became equal. 
-~ 12. The normal differences existing among RRPs de-
termined at the basal and apical portions of the left 
. 
ventricle ~nd the right ventricle were consistently altered 
by mild hypothermia. This suggested the possibility of 
more drastic differences at lower temperatures and a 
148. 
possible causal relationship to the incidence of v.F. 
13. The process of ventricular depolarization is 
only slightly affected by moderate hypothermia, a slowing 
of conduction being the only significant change. 
14· The process of repolarization demonstrated great 
thermosensitivity but with little qbservable pattern in 
the changes of magn'itude and orientation. Likewise, the 
time discrepancy between the depolarization and repolariza-
tion processes represented by the ventricular gradient is 
also increased by cold. 
15. Changes in the recovery process were 1° due to 
the effect of cold and were not rate dependent. 
In conclusion, it appears that the changes in the 
parameters of nhythmicity, eonduction, ~xcitability and 
Wepolarization under the influence of hypothermia are 
inconsequential in a consideration of the possible cause 
of the increased irritability. The changes in the processes 
of accommodation, repolarization and refractoriness were 
such that they could easily be conceived of as predisposing 
to the occurrence of ventricular fibrillation. 
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ABSTRACT 
I. Introduction 
In the past decade, hypothermia has been extensively 
investigated as a means o~ reduc~ng oxygen requirement's o~ 
the body su~~iciently to allow exclusion o~ the heart ~rom 
the circulation and so permit intracardiac surgery under 
direct vision. Because o~ its ability to reduce metabo-
lism, it has suggested itsel~ as a potentially valuable 
. 
technique not only in a variety of clinical conditions but 
as an investigative tool for the elucidation o~ normal 
bodily ~unctions. One of the inevitable consequences o~ 
inducing hypothermia in mammals is the increased irritabili-
ty or electrical instability displayed by the myocardium, 
culminating in the terminal event, ventricular fibrilla-
tion. 
The purpose of the present experimental study: to 
attempt a quantitative evaluation of the nature and magni-
tude of change provoked by hypothermia in the fundamental 
cardiac parameters of·rhythmicity, conduction, refractori-
ness and excitability as well as the processes of depolari-
zation and repolarization, with a view to determining, if 
possible, the electrophysiological basis for the increased 
susceptibility to cardiac arrhythmias. 
160 
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II. Methods 
All dogs were anesthetized with pentobarbital and 
sur~ace cooled by immersion in an iced water bath. vari-
ous minor surgical procedures were instituted to prepare 
the animals for experimentation. They included: tracheal 
intubation, cannulation of the jugular vein and the carotid 
artery (~or blood pressure), insertion of a catheter 
electrode into the right atrium and the suturing of both 
bipolar and monopolar electrodes to the ventricular 
surface. 
A variety of instruments were employed to deliver 
electrical pulses to the heart by way of the attached 
electrodesr included in these were Grass, Tektronix, and 
AEL square wave stimulators as well as the sawtooth out-
put of a Tektronix 551 dual beam oscilloscope. 
All cardiac potentials, both direct and from external 
leads, were projected on a dual beam oscilloscope and 
photographed with a special Polaroid camera. Di~~er­
entiation of the QRS complex was accomplished with the 
aid of a Philbrick 'D' unit, and then recorded along with 
the EGG on a Sanborn TWin-Viso. 
III. Results 
Hypothermia was found to produce a basically linear 
depression of the spontaneous heart rate with no evidence 
that the discharge from the normal pacemaker became sporadic 
161. 
I 
( 
with cooling. Neither atrial nor ventricular artificial 
pacemakers served to alter the incidence of ventricular 
f~brillation in hypothermia. Ventricular excitability 
during the diastolic phase was evaluated by means of re-
sponses to square wave stimuli o~ varying durations. The 
mathematically derived time constant of excitability {k) 
was shown to be decreased under hypothermia. Much quali-
tative evidence was obtained indicating that the decrease 
in excitability in hypothermia is accompanied by a similar 
decrease in accommodation. Conduction velocity at four 
different sites on the myocardium was measured during 
progressive hypothermia. It was found that although a 
considerable number of discrepancies exist normally among 
different ventricular regions, these were not accentuated 
by cold .• Hypothermia prolonged conduction time to an equal 
extent in both differentiated and non-differentiated path-
ways. The first derivative of the QRS representing ven-
tricular depolarization was slowed uniformly at low 
temperatures, indicating that conduction was not impaired 
differentially in any one portion of the heart. The re-
fracto~y periods measured with both cathodal and anodal 
stimuli showed an approximately similar extent of prolonga-
tion, with the relative refractory period occupying a 
consistent portion of the total phase of refractoriness 
at all temperatures. The period of anodal dip, however, 
(that interval in the RRP in which the anodal threshold 
162. 
becomes less than the cathodal) showed a consistent in-
crease in duration as the temperature was lowered. 
Electrocardio and vectorcardiographic analysis demonstrated 
that ventricular depolarization is relatively unaffected 
by cold. In contrast, the process of repolarization ex-
hibited an .. extreme thermolabili ty with gross but inconsist-
ent changes appearing in the s-T segment and repolarization 
vector. These non-systematic alterations in the S-T waves 
were mimicked by corresponding inconsistencies in the 
orientation and magnitude of the ventricular gradient. 
IV • Summary 
In general, the processes of excitabflity, depolari-
zation and conduction are not seriously affected by hypo-
thermia, at least not to the extent where· they could be 
implicated with justification as causative factors in the 
increased myocardial irritability. In contrast, the 
processes of recovery of excitability and repolarization 
appeared to be greatly prolonged by cold with the possi-
bility of distinct phase differences existing in different 
areas. 
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